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THE BIOLOGICAL SIGNIFICANCE OF HYALURONIC ACID 
AND HYALURONIDASE 


KARL MEYER 


The Institute of Ophthalmology of Presbyterian Hospital and the College of Physicians and 
Surgeons of Columbia University, New York, New York 


Hyaluronic acid is a mucopolysaccharide acid which in animal tissues seems 
to bind water in interstitial spaces. It further holds cells together in a jelly- 
like matrix and serves as a lubricant and shock-absorber in joints. It is desaggre- 
gated and depolymerized by the action of the enzyme hyaluronidase. In 
this review the effort is being made to discuss aspects most essential to an under- 
standing of the biological réle of hyaluronic acid and hyaluronidase. 

Duran-Reynals in 1942 in a paper entitled ‘Tissue permeability and the 
spreading factors in infection” published the first comprehensive review dealing 
with hyaluronic acid, hyaluronidase and the spreading factors. Current liter- 
ature has been briefly reviewed in 1942 (15B) and in 1944 (44A). 

I. Hyaturonic acrp. A. Occurrence. Hyaluronic acid was first isolated 
from bovine vitreous humor (63). Subsequently it was isolated from human 
umbilical cord (64), from bovine aqueous humor and from vitreous humor of 
pig eyes (65), from groups A and C hemolytic streptococci (35), from bovine 
and human synovial fluid (66), from a number of mesenchymal tumors like 
fowl leucosis (33), the pleura and peritoneal fluid of a case of mesenthelioma (55), 
from two cases of human synovioma (unpublished), from Rous and Fuyinami 
tumors of chicken (71), and from pig skin (56). 

Hyaluronic acid probably occurs in the nucleus pulposus of the intervertebral 
disc (unpublished) and in small concentrations in connective tissue, although 
it has not been isolated from these sources. 

B. Chemistry. For the isolation of the acid from various sources some 
modifications of the same general principles have been described. From fluids 
like vitreous humor, synovial fluid and some tumor fluids, from which the purest 
samples have been obtained, the acid is first precipitated as a salt of accompa- 
nying proteins. For this purpose the fluids are diluted with 2-5 volumes of 
cold water and acidified to a pH of about 4 with 50 per cent acetic acid with 
vigorous stirring. With vitreous humor the precipitation may be incomplete 
until the protein content is increased: by addition of horse or cattle serum. 
The “mucin clot” is left standing at 0° for 24 hours, is then washed with cold 
water and extracted with a 5 to 10 per cent solution of sodium, potassium, 
or calcium acetate, depending upon which salt is to be desired. The extraction 
may be hastened by adding alkali to a pH of 9.0. 

Solid tissues like umbilical cord or some tumors are chilled, ground and desic- 
cated with acetone. The dry material is extracted repeatedly with 5 to 10 per 
cent of an acetate. The crude acid is acidified to pH 4 and precipitated with 1.5 
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volume of ethanol. The centrifuged and washed precipitate is again extracted 
with acetate. 

The further purification of this extract and the extracts of the protein salts 
described above are, from here on, identical. The bulk of the protein is removed 
by stirring with a chloroform-amylalcohol mixture for one hour followed by 
separation of the fluid from the gel by centrifugation. The procedure is repeated 
until a gel is no longer formed. Further nitrogenous impurities are removed 
either by adsorption on Zn (OH): at pH 7.2 (adding 10 per cent zine acetate 
and neutralizing) or by adsorption on Lloyd’s reagent at a pH of about 4. The 
supernatant is precipitated with 1.5 volumes of ethanol at pH 4. The stringy 
mass is again centrifuged, washed with alcohol, redissolved in a minimum 
amount of water, precipitated by alcohol in the presence of acetate, washed 
with alcohol and ether and dried in vacuo over P2O;. In earlier preparations 
in this laboratory, the free acid was precipitated by pouring the aqueous solution 
into 6 to 10 volumes of glacial acetic acid. The products so obtained were of 
high purity and very low ash content (64), but were somewhat depolymerized 
as evidenced by a lowered viscosity and a lower optic rotation. 

The hyaluronate preparations sometimes contain nitrogenous impurities, 
glycogen, and organic and inorganic sulfate. Nitrogenous impurities shown by 
an increased ratio of total N to hexosamine N can be removed by repeated 
adsorption. Glycogen, present especially in skin and umbilical cord prepa- 
rations, is indicated by too low analytical figures (see below) and is removed 
by incubation for a few hours with either filtered saliva or a commercial amylase. 
Sulfates are difficult to remove, especially in umbilical cord hyaluronate. The 
S content may be lowered by dissolving the purified material in 10 per cent 
calcium acetate or chloride and fractionating with 25 to 33 per cent ethanol. 
After the mixture has stood at 0° for 24 hours the bulk of the sulfate is found 
in the precipitate. ‘ 

Several authors have reported simplified methods for the preparation of 
hyaluronate. One such method (18) yielded a preparation which after removal 
of some insoluble material contained only 16 per cent of standard hyaluronate. 

The preparations in this laboratory are analyzed for N by the Kjeldahl 
method, for hexosamine, for acetyl by the Kuhn-Roth method, for uronic 
acid by the Freudenberg modification of the Tollens-Lefevre method, and for ash. 

The rotation [a] 2 of the sodium salt is —70°, that of the free acid usually 
is somewhat lower, depending on the time of contact with acetic aeid. The 
viscosity relative to 0.9 per cent sodium chloride at 37° of a 0.3 per cent solution 
of the sodium salt usually is approximately 4, and varies with the source. From 
vitreous humor by fractionation with (NH,)2SO,4 at a pH of about 9.0, fractions 
of widely varying viscosities were obtained. This is probably due to enzymatic 
depolymerization in vivo. The acid is poly-disperse in other sources as well, 
as pointed out by Blix and Snellman (4), who measured viscosities and streaming 
double refraction of flow. The latter was positive for both hyaluronate and 
chondroitin sulfate of cartilage. The particle length of different preparations 
of hyaluronate varied between 4800A° and 10,000A° with the higher values 
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in preparations of umbilical cord. The corresponding molecular weights were 
estimated to be in the order of 200,000 to 500,000 with the assumption of an un- 
branched chain and a length of 10A° of the basic disaccharide unit. The molec- 
ular weights, according to the authors, should be regarded as minimal values. 

X-ray measurements of sodium hyaluronate gave only diffuse patterns in 
powder and fibre diagrams. 

The viscosity of isolated hyaluronate is much smaller than that of the fluids 
from which it is obtained. Whether this is due to oxidative breakdown, as 
suggested by some authors (83), or to another process of disaggregation or 
depolymerization cannot be decided with certainty. In the native state 
hyaluronate forms gels of varying rigidity. For example a cyst formed by an 
undiagnosed malignant tumor of the bone had the consistency of a 4 per cent 
agar solution. The cyst content was liquefied rapidly by incubation with tes- 
ticular hyaluronidase. Samples of human synovial fluid exhibit viscosities 
ranging from very low values to high viscosities which are outside the range of 
our viscosimeters. The dilution curve of the tumor fluids showed a sharp 
drop in viscosity with. dilution (55) and the same has been shown by Ragan (72) 
for normal human joint fluid. Obviously the viscosity in these fluids is of a 
non-Newtonian type. On the other hand, isolated hyaluronate has all the 
characteristics of a highly asymmetrical molecule. Aqueous solutions have 
high viscosity, they possess bi-refringence of flow, and can be spun into threads 
of considerable tensile strength. 

The difference between the viscosity of the native fluid and that of isolated 
hyaluronate may be due to complex formation with accompanying protein, 
but there is no experimental proof for this. The mobility of isolated hyaluronate 
in the Tiselius apparatus at pH 7.8 was identical with that of the fast component 
in tumor and synovial fluids (55, 3). No fraction with a mobility intermediate 
between protein and polysaccharide was observed. Furthermore, on incubation 
of the native fluids with hyaluronidase, the viscosities drop rapidly to the values 
for the proteins present. It is concluded from these experiments that 
hyaluronate exists in these fluids in varying degree of polymerization and ag- 
gregation, the latter being due to weak secondary bonds either between the 
polysaccharide molecules themselves or between protein and polysaccharide. 
The weak bonds are broken by the processes involved in the isolation. 

The chemical structure of hyaluronic acid is unknown. Equimolar quantities 
of hexosamine, acetyl and uronic acid have been found by analysis. Gluco- 
samine has been isolated (as the crystalline hydrochloride) in yields up to 95 
per cent of the colorimetrically determined amount. The presence of glucuronic 
acid was established by oxidation of hyaluronic acid by HNO; and isolation of 
saccharic acid as the crystalline acid potassium salt. From an enzymatic digest 
of synovial hyaluronate with pneumococcus hyaluronidase, glucuronic acid 
has been isolated as thiosemicarbazone (66). Hyaluronic acid, in contrast 
to chondroitin sulfate, probably contains little or no branched chains. This 
is indicated by the almost quantitative hydrolysis by some hyaluronidase 
preparations. It can be deduced from enzymatic data (see later) that the 
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basic unit is a disaccharide with a free aldehyde group present in the acetyl- 
glucosamine moiety. 

The occurrence of ester linkages in the hyaluronate chains has been recently 
suggested (4), on the basis of the alkali sensitivity of the polysaccharide. In 
4-5 days in absence of O- at 20° about one milliequivalent of acid was produced 
for about every 4 disaccharide units. Apparently the reaction came to about 
. the same endpoint with different samples of the polysaccharide and with varying 
alkali concentrations. About 10 per cent of the weight of the polysaccharide 
dialyzed through a cellophane membrane and the rest was clearly not of uniform 
size. The analysis for sodium in the neutral native material did not support 
the presence of ester linkages. Sensitivity to alkali with production of acidic 
groups with fission of the chains is common to many other polysaccharides, 
for example cellulose, though the mechanism is not clearly understood. 

Hyaluronate on injection into animals is not antigenic. Attempts to confer 
antigenicity to hyaluronate have been unsuccessful (29). 

II. Hyaturonmpase. A. Occurrence. The enzyme hydrolyzing hyaluronic 
acid, hyaluronidase, was first found in autolysates of a rough type II pneu- 
mococcus (58). Its occurrence was shown further in other types of pneumocccci 
both smooth and rough, in strains of hemolytic streptococci of groups A and C, 
and in some anaerobes (62). Its occurrence in the animal body in extracts of 
spleen and of ciliary body and iris, has been reported (62). 

The very wide distribution of hyaluronidase, however, was found after Chain 
and Duthie (8) discovered that the hyaluronidase activity of testicular extracts 
paralleled the activity of the “spreading factor’’, reported earlier by Duran- 
Reynals (27) and by McClean (46). Hyaluronidase activity, as measured by 
the hydrolysis or depolymerization of hyaluronic acid and hyaluronate-con- 
taining fluids, was then demonstrated in virulent and avirulent strains of type I 
pneumococcus (57), in a group C hemolytic streptococcus and in rabbit skin 
(ibid), in the venoms of many poisonous snakes, like copperhead, Black Tiger 
(9), rattlesnake (15), in bee venom (9), in Staph. aureus, Cl. Welchii, (9), and 
others. 

B. Determination of Hyaluronidase. For the determination of hyaluronidase 
biological, chemical and physico-chemical methods have been used. 

1. Biologicai methods. The spreading reaction has been reviewed by Duran- 
Reynals (12) and need be mentioned here only briefly. India ink probably is 
the best indicator, since with it the area of spreading is more circumscribed 
than with diffusible dyes. The most convenient dye is the blue dye T1824, 
since it is non-toxic and available in sterilized isotonic solution. An improved 
quantitative method for the estimation of the spreading reaction has been 
published by Humphrey (28) who injected the spreading agent intracutaneously 
into groups of 6 guinea pigs. The animals were killed 20 minutes after in- 
jection, the skin was removed immediately and the size of the bleb measured 
at the inner surface of the skin. The minimal diffusion dose is the least amount 
of enzyme which will produce a 20 per cent increase of the mean area over the 
mean area of the controls. 
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The spreading reaction cannot be considered as an accurate assay of 
hyaluronidase. Some unspecific agents give spreading reactions. Further- 
more, the correlation between spreading reaction ‘and physico-chemical methods 
of hyaluronidase estimation is poor. (See later.) The influence of pressure 
on the assay of hyaluronidase by the spreading reaction has been stressed in 
a recent article (23A). Most investigators however have in the past used a 
constant and small volume of 0.1 or 0.2 ce. Control injections with identical 
volumes have probably been used by all investigators. Humphrey has empha- 
sized the importance of the rate of the initial reaction by using a reaction time 
of only 20 minutes. 

The decapsulation of mucoid hemolytic streptococci of groups A and C has 
been compared with hyaluronidase activity estimated by other methods (47). 
However, these organisms lose their capsules under various conditions without 
added enzyme. It is not known whether or not this is due to hyaluronidase 
produced by the same cultures (see later). The decapsulation of streptococci 
can hardly be considered as a convenient method for hyaluronidase estimation. 

2. Physico-chemical methods. 'Three methods will be discussed: a, the mucin 
clot prevention test (abbreviated M.C.P.); b, the viscosity reducing method, 
and c, the turbidimetric method. 

a. This method is based on the observation that native hyaluronic acid in 
acid solution coprecipitates with protein in a typical fibrous “mucin” clot. 
After incubation with hyaluronidase the quantity of the clot is reduced and the 
character of the precipitate changes from a fibrous to a flocculent precipitate, 
until finally the solutions remain clear. The test was apparently first used 
by Robertson, Ropes and Bauer (76) and has been modified by McClean and 
his collaborators (52). 

The test is simple and suited for serial determinations and is probably the 
most sensitive test for low concentrations of hyaluronidase. However, it is 
positive only with crude hyaluronate, the mechanism of its action is not clear 
and it has a very poor correlation with other tests. The M.C.P. test is carried 
out in the native fluid or the isolated and redissolved protein salt. Pure hyaluron- 
ate precipitates protein in acid solution in flocculent form. (The difference 
between native and isolated hyaluronate has been discussed on p. 337.) 

The error of the M.C.P test has been estimated (48) as +25 per cent. The 
author found no correlation between M.C.P. units and viscosity reducing 
units, nor a constant trend with the potency or the source of the enzyme. Simi- 
larly in another paper from the same laboratory (77) the ratios of M.C.P. over 
viscosity reducing units with different micro-organisms varied between 1:20 to 
1:162. The reason for the discrepancy between the two tests cannot be entirely 
the existence of different hyaluronidases in different sources (see later). 

b. The viscosity reducing method. Advantages of this method are its accuracy 
and its simple kinetics. It has the disadvantage of being cumbersome and not 
easily carried out in serial experiments. The first systematic use of this method 
was published by Madinaveitia and Quibell (41) with a crude extract of acetone 
precipitated vitreous humor as substrate. The time required to reach half 
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viscosity was found to be inversely proportional to the concentration of enzyme. 
Details as to substrate and sodium chloride concentrations, pH and temperature 
vary somewhat in different laboratories. The procedure used in this institute is 
as follows: 5 cc of a 0.3 per cent solution of pure sodium hyaluronate in 0.1 mol 
acetate buffer of pH 6.0 containing 0.15 mol sodium chloride are warmed to 37° 
for about 5 minutes. One ce. of enzyme dissolved in the above buffer mixture is 
added, and 5 cc. of the mixture are immediately transferred to an Ostwald 
viscosimeter in a-constant temperature bath of 37.0°. The viscosities are de- 
termined repeatedly, until less than half viscosity of the mixture is reached. 
One unit is defined as the amount of enzyme required to reach half viscosity in 
30 minutes. The viscosity of the substrate mixture in the control is about 4.0 
relative to the solvent. The viscosity of the substrate remains constant for at 
least 2 weeks at 4° without preservative. 

c. The turbidimetric method. This method, described first by Kass and Sea- 
stone (34), is based on the observation that pure hyaluronate at pH 4.2 gives a 
fairly stable colloidal suspension with dilute serum, whereas depolymerized hy- 
aluronate remains clear. The method is reproducible to about 10 per cent, 
requires little substrate and is readily applied in large series. In a modification 
developed in this laboratory (21) the time of incubation is kept constant; in the 
original procedure the time is varied, the enzyme concentration being constant. 
In this modification the reaction is carried out in the presence of sodium chloride. 
Dilution of the enzyme in 1 cc. volumes of 0.1 M acetate buffer of pH 6.0 is 
warmed to 37° for 5 minutes. To each tube | cc. of the substrate is added, con- 
taining 4 mgm. per cc. of sodium hyaluronate in M/10 acetate of pH 6.0 and 0.3 
mol sodium chloride. The mixtures are incubated for 30 minutes at 37°, im- 
mersed in a 60° water bath for 10 minutes to inactivate the enzyme, and 1 cc. 
aliquots are pipetted into test tubes containing 3.0 cc. of 0.5 M acetate of pH 
4.2 and 1 cc. of acidified horse serum and mixed. The serum solution is pre- 
pared by 10 fold dilution of the sterile normal horse serum (containing no preserv- 
ative) with 0.5 mol acetate buffer of pH 4.2 and acidifying to pH 3.1 with 4 N 
hydrochloric acid. The turbidities are read after 30 minutes at room tempera- 
ture in a Coleman spectrophotometer using a wavelength of 580 my. One unit 
is defined as the amount of enzyme which reduces the turbidity given by 0.2 mgm. 
of hyaluronate to that given by 0.1 mgm. The values are read from a standard 
curve. The latter has been checked with 10 different preparations of hyaluronate 
from different sources. All points fall on the sameS shaped curve. In the region 
between 0.05 and 0.15 mgm. the curve is almost a straight line. 

The ratio of the units determined viscosimetrically to those determined tur- 
bidimetrically with 4 different hyaluronidase preparations varied only from 1.2 to 
1.4. In this comparison the conditions of the two tests were identical with the 
exception of the substrate concentration. 

3. Chemical methods. Chemically hyaluronidase activity has been determined 
by measuring the increase in reducing sugar, or by the increase in liberated acetyl- 
glucosamine. In both methods pure hyaluronate of known hexosamine and 
uronic acid content should be used. The main disadvantage of the reducto- 
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metric method is its complicated kinetics, obviously the resultant of the action of 
different enzymes, which simultaneously split glucosidic linkages (see later). In 
this laboratory the method has been used extensively in the identification of 
hyaluronate from different sources. Either the Hagedorn-Jensen or the ceric 
sulfate method in the modification of Miller and Van Slyke was used and the 
results calculated as per cent of total reducing sugar expressed as equivalents of 
glucose. The substrate concentration usually was 0.5 per cent. 

The increase in acetylhexosamine (68) has been used by some investigators 
(9) using synthetic acetylglucosamine as standard. It was pointed out that this 
method with the pneumococcal hyaluronidase indicated freeing of acetylhexosa- 
mine in excess of 6 times of the total weight of polysaccharide present (57). A 
similar result was reported by Hahn for testicular and Cl. perfringens hyaluroni- 
dase (19). Whether the measured rate of the color reaction of the enzymatic 
hydrolysis over that of synthetic N-acetylglucosamine is due to a structural 
difference in the acetylglucosamine or due to the linkage to the uronic acid in the 
hydrolysis product has not been decided. 

In a recent paper Humphrey (31) confirmed the discrepancy between reducing 
and acetylhexosamine values on hydrolysis of hyaluronate with enzymes of bull 
testis, Cl. Welchii, and two strains of streptococci. The excess of the acetyl- 
hexosamine varied with different enzyme preparations and was not as high as 
found in this laboratory with pneumococcal enzyme. He further reported that 
the enzymic hydrolysates gave a direct colour in acid solution with Ehrlich’s 
reagent without preliminary treatment with alkali, which is necessary to form 
an oxazoline derivative from acetylglucosamine. The author discusses whether 
oxazoline rings are preformed in the hyaluronate molecule. ‘The alternative 
that enzymatically formed acetylglucosamine is labile and easily condenses to 
a heterocyclic eompound seems more probable. The hydrolysis of chondroitin 
sulfate by testicular enzyme showed no excess of acetylhexosamine over the 
reducing values (32). 

The method obviously cannot be used for the determination of hyaluronidase 
activity. 

C. The Mechanism of Hyaluronate Degradation by Hyaluronidases. The dual 
nature of the two glucosidic linkages in hyaluronic acid, one belonging to the 
N-acetylglucosamine, the other to the glucuronic acid moiety, suggests that the 
depolymerization and the hydrolysis into monosaccharides require two enzymes. 
A comparison of hyaluronidases of different origin, measured viscosimetrically 
and reductometrically, indicated that hyaluronidases were mixtures of at least 
two enzymes, one attacking the long chain molecules, the other hydrolysing the 
aldobionic acid units formed (57). This conclusion was based on the observation 
that pneumococcal hyaluronidase hydrolysed the substrate almost to 100 per 
cent of the theoretical amount whereas testicular hyaluronidase, which showed a 
much faster rate in the viscosimetric tests than the bacterial enzyme, hydrolyzed 
the substrate to only approximately 50 per cent. The testicular enzyme on 
prolonged hydrolysis exceeded the 50 per cent reduction, but the total reduction 
was considerably short of 100 per cent. The addition of pneumococcal 
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hyaluronidase to the non-hydrolysed residue brought about complete hydrolysis, 
while addition of fresh testicular enzyme had a negligible effect. 

A still greater discrepancy between reductometric and viscosimetric activity 
was found with leech enzyme (60). One preparation as a flavianate reached a 
maximum hydrolysis, measured reductometrically of 40 per cent of the theory. 
Yet the same enzyme preparation turbidimetrically assayed 330 units, that is, 
it was equal to the best testicular preparations we prepared. This preparation 
showed an interesting difference from other hyaluronidases in the turbidity test, 
being uninfluenced by the absence of sodium chloride. Hahn (19) working with 
a purified enzyme prepared from aqueous extracts of the heads of leeches reported 
a maximal hydrolysis of only 26 per cent of the theory. Other preparations of 
leech enzyme in this laboratory analysed reductometrically as high as 70 per 
cent of the theory. It seems quite obvious that in purification one activity is 
increased at the cost of the other. Another difference between two hyaluroni- 
dases, one from bull testes, the other from streptococci, has been reported by 
Rogers (78). This author investigated the stimulation of hyaluronidase pro- 
duction by streptococci on addition of hyaluronate to a simplified culture me- 
dium. If instead of hyaluronate a digest of hyaluronate obtained with 
streptococcal hyaluronidase, was added to the culture medium, no stimulation 
of hyaluronidase production took place. If, however, a digest of hyaluronate 
obtained with testicular hyaluronidase was added, the stimulation of hyaluroni- 
dase production was almost as great as with native hyaluronate. Furthermore, 
the diffusible fraction of the latter hydrolysate was inactive, while the activity 
remained in the non-diffusible fraction (unfortunately the hyaluronate in these 
experiments was rather impure). Recently, similar observations were reported 
on the hyaluronidase production of Cl. Welchii (79). 

Other evidence for the existence of several enzymes was brought forward by 
Hahn (20) who claims to have separated two enzymes frorh testicular extracts. 
One enzyme, called mucopolysaccharidase (abbreviated M.P.) hydrolyses to the 
aldobionic acid stage, the other muco-oligosaccharidase, (abbreviated M.O.) 
hydrolyses the disaccharide to monosaccharides. Since the M.P. liberates 
acetylglucosamine during hydrolysis, the free aldehyde group must belong to the 
hexosamine moiety, therefore the M.O. was called a glucuronidase. The two 
enzymes were fractionated by (NH,)2SO, and lead acetate, the M.O. activity 
precipitating in the first fractions. M.P. activity was measured by a viscosi- 
metric method, and M.O. activity by a reductometric method. The substrate 
of the latter was hyaluronate previously digested for 4 days with M.P. followed 
by dialysis, the concentrated non-diffusible residue being the substrate. There 
was no linear relation between the percentage of hydrolysis and the enzyme con- 
centration. The total reducing values must have been quite small, since the 
substrate concentration was very low, only 0.5 mgm. glucose equivalent per cc., 
and a turnover of only 10 per cent was measured. 

To this reviewer it seems highly desirable to test the presence of the M.O. with 
a well defined substrate. One would expect the disaccharide formed by the 4 day 
hydrolysis to be diffusible. There also remains the question of whether the M.O. 
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can or cannot attack the glucuronidic linkage in the native hyaluronate. The 
hydrolysis of the linkage in the native chain presumably would also cause a 
decrease in viscosity, while the end groups with the two enzymes ought to be 
different. 

One distinct enzyme, 8-acetylglucosaminidase, present in crude testicular 
and in crotalus hyaluronidase, as well as in sources showing no hyaluronidase 
activity, does not seem to be involved in hyaluronidase activity (13). This en- 
zyme wasfound by Helferich and Iloff (24) in emulsin of sweet almonds. The 
substrate used was 6-phenylacetylglucosamine. The enzyme was separated from 
testicular hyaluronidase with (NH,4)sSO,, lead acetate or CuSO, or adsorption 
on kaolin. Hahn (20) likewise has reported good evidence for the separation of 
hyaluronidase from §-glucosaminidase activity. 

In summary, hyaluronidases of different origin undoubtedly contain different 
enzymes, but their number and mode of action are not fully known. 

D. Influence of Environmental Factors on Hyaluronidase Activity. 1. Effect 
of pH. The effect of pH on the rate of hyaluronidase activity varies with the 
source of the enzyme, the salt concentration and the test method. In the re- 
ductometric procedure testicular hyaluronidase has a double optimum, one at 
about pH 4.5, the other at about pH 5.7 which has been interpreted as another 
indication for the presence of two distinct enzymes (57). The pH optimum of 
pneumococcus and Cl. Welchii hyaluronidase was found in the reductometric 
procedure at 5.8 (62). By a viscosimetric method, McClean (48) found a marked 
dependency on the salt concentration of the activity at different pH levels. In 
M/60 buffer the optimum of testicular hyaluronidase was at pH 6.8, while in 
M/6 buffer, the optimum shifted to pH 5.0. A similar behaviour was found with 
Cl. Welchii enzyme. Moreover, at the pH optimum the activity of the enzyme 
was much greater in the more dilute buffer. The marked difference found 
may have been partly due to differences in chloride ion concentrations (see later), 
especially with hyaluronate of umbilical cord. With the turbidimetric method, 
the pH optimum of testicular hyaluronidase in M/10 acetate in presence of 
0.15 M sodium chloride was found to be 6.0 (21). 

2. Effect of salts. Robertson et al. (76) reported that dialyzed Cl. perfringens 
hyaluronidase had no effect on a dialyzed “synovial mucin.’”’ Addition of phos- 
phate or other salts in increasing concentrations (up to 0.1 M) resulted in in- 
creasing activity. Madinaveitia and Quibell (42) reported a marked influence 
of salts, especially sodium chloride, on the activity of testicular hyaluronidase, 
as determined viscosimetrically. The optimum was between 0.07 and 0.17 mol 
sodium chloride. 

In this laboratory the influence of salts, especially sodium chloride, was found 
to be much more marked with the turbidimetric and viscosimetric methods than 
with the reductometric. The same behaviour had been shown with lysozyme 
and its substrate (59). The influence of sodium chloride on the rate of de- 
polymerization depended further on the source of the substrate. This is illus- 
trated in the following table in which the same enzyme preparation, highly puri- 
fied testicular hyaluronidase, has been tested. 
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It can be seen from this table that the apparent activity of a sample varied 
from 100 to 167 units permgm. The wide variation in apparent activity in the 
absence of NaCl should be noted. By the quantitative turbidimetric test the 
different hyaluronates precipitated an equal amount of serum protein. Analy- 
tically, they were identical within the limits of the errors of the methods. Quan- 
titative determinations in 100 mgm. of the tumor preparations after ashing with 
HNO; showed only a trace of chloride. The chloride effect and the differences 
between the hyaluronate preparations seem to be due to the presence of competi- 
tive inhibitors, as described in the next chapter. It is evident from these experi- 
ments that the purity and origin of the substrates greatly influence the titres of 
enzyme preparations. 

3. Inhibitors of hyaluronidases. McClean (47) reported the inhibitory action 
of heparin and chondroitin sulfate on the in vitro decapsulation of streptococci 
by testicular hyaluronidase. Three-tenths per cent of the pure NH, salt of 
heparin suppressed the decapsulation of an enzyme concentration equivalent to 
one viscosity reducing unit. From 0.001 to 0.01 per cent of the NH, salt further 
inhibited the action of one unit of hyaluronidase on 0.1 per cent hyaluronate. 
Hyaluronate partly depolymerized by precipitation with acetic acid likewise 
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inhibited the decapsulation, while hyaluronate depolymerized enzymatically 
was without inhibitory effect. Gastric mucin also inhibited the decapsulation, 
but Shiga-Kruse polysaccharide and a blood group A hapten had no effect. It 
should be noted that all inhibitors are or contain acid polysaccharides; the two 
neutral polysaccharides tested were without action. 

In this laboratory the inhibiting activity of heparin on the hydrolysis of 
hyaluronate was tested and results are shown in table 2. Heparin desulfurated 
with oxalic acid-barium oxalate had no effect. The inhibition with chondroitin 
sulfate was considerably less than with heparin, the ratio between the two being 
approximately 1:100. 

The inhibitory action of normal. human and rabbit ‘serum on pneumococci, 
Cl. Welchii and streptococcus hyaluronidase seems to have been reported first 
by this laboratory (26). The reductometrically determined activity of the first 
two was inhibited 25 to 50 per cent by normal sera, while with streptococcus 
hyaluronidase the inhibition was smaller. McClean (47) reported the inhibition 
of guinea pig, rabbit, sheep, horse, mouse and human serum on hyaluronidase 
prepared from bull, rabbit and mouse testes, from streptococcus, Cl. Welchii, 
and from viper and scorpion venom. The inhibitory activity of the sera from 
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different species against any one enzyme showed considerable variation. ‘The 
inhibitory action of the sera was associated with the pseudoglobulin fraction. 
McClean suggested that the inhibition was due to some polysaccharide fraction 
of the serum. 

Meyer et al. (62) found the hydrolysis of free hyaluronate twice as fast as that 
of an equimolar concentration of a protein salt of the acid, prepared from synovial 
fluid. In experiments of Kass and Seastone (34) the reduction of the turbidity 
of a preformed horse serum-polysaccharide precipitate required 10 times the 
enzyme concentration than that of the polysaccharide alone. More recently 
Leonard and Kurzrok (36) reported that normal sera inhibit the liberation of 
tubal ova by testicular hyaluronidase (see later). 

The inhibitory action of serum on hyaluronidase of animal and bacterial 
origin recently was the object of three papers (18). A complete discussion of all 
the experimental evidence presented and the conclusions drawn from them seems 











TABLE 2 
UNITS/MGM. | % INACTIVATION 
Hyaluronidase + Hyaluronic acid................. | 83 | 
Hyaluronidase + Hyaluronic acid + NaCl....... 200 | 
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impossible in this review and does not seem warranted. The invasive agent, 
hyaluronidase, is counteracted by enzymes of the sera of different species, ranging 
from man to carp, which were said to destroy hyaluronidase. Crude bacterial 
and some animal hyaluronidases in turn contain other invasive enzymes, which 
counteract the defensive enzymes of the sera, which in turn are again counter- 
acted by another serum enzyme and so forth. | 
Ixperimentally, hyaluronidase was incubated with serum ina salt buffermixture 
and the solution mixed with a very impure hyaluronate of umbilical cord in 
the presence of phosphate. The hyaluronidase activity was measured viscosi- 
metrically. Phosphate was found by Haas to inhibit the action of serum on 
hyaluronidase, while other salts, especially borate, promote it. The enzymatic 
nature of the inhibiting agent, in serum was concluded from the temperature 
sensitivity, the dependence on pH and the inactivation by heating. This evi- 
dence appears inconclusive. The activity of sera among comparable data in 
different tables is very variable. The rate of inactivation was reported to depend 
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considerably on the quality of the polysaccharide (18, p. 78). (A sample of hy- 
aluronate prepared according to Haas in this laboratory contained 16 per cent of 
sodium hyaluronate and over 50 per cent inorganic material.) Furthermore, 
the inhibition by human sera depends not only on concentration but likewise on 
purity of the hyaluronidase (21). That is, the protein impurities present in 
hyaluronidase likewise react with the serum. The inactivation by sera is not 
only prevented by phosphate, but at least in part reversed on further incubation. 
The inhibitory action of serum furthermore is so dependent on the milieu that 
it seems very difficult to draw conclusions from experiments in which the complex 
systems are further complicated by adding crude bacterial filtrates or snake 
venoms. To this reviewer the data presented do not seem essentially different 
from the inhibition by heparin and other substances, except that the inhibitors 
in serum are more thermolabile. The great dependency on milieu conditions 
is interpreted by this reviewer as being due to competitive reactions between 
various proteins among themselves and for the acid substrate. That hyaluroni- 
dase can be active in the presence of serum proteins is shown not only by its 
spreading reaction in the skin, but its action in pathological human joint fluid 
and other fluids and its in vivo activity on sedimentation rate of blood when 
injected intravenously. 

4. Antisera to hyaluronidases. The inhibition of the spreading reaction by 
specific antiseia has been discussed by Duran-Reynals (12). Various papers 
published since then support the previous conclusions that antisera to hyaluroni- 
dases suppress the in vivo and in vitro activities of hyaluronidases, but that 
they are strictly specific for the source of the enzyme. Thus McClean (48) 
finds no crossing over with antisera against Cl. Welchii to Cl. septicum. Strep- 
tococcal enzymes were found to be group, but not type specific. An antiserum 
against crude bovine testicular hyaluronidase neutralized bovine, but not mouse 
testis hyaluronidase. Highly purified testicular hyaluronidase, however, has 
never been obtained in antigenic form (49). 

E. Bacterial Hyaluronidases. Increase in hyaluronidase production by the 
addition of hyaluronate to the medium was first reported by McClean and Hale 
(49) for Cl. Welchii. The stimulating effect of added hyaluronate was studied 
systematically by Rogers (77, 78). In groups A and C hemolytic streptococci 
and in two strains of Cl. Welchii enzyme production was proportional to the 
concentration of hyaluronate added and rose from a titre of 1:50 M.C.P. units 
to as high as 1:100000 units, when the pH was maintained at neutrality by 8.5 
per cent sodium glycerophosphate. One of two strains of staph. aureus produced 
a titre of 1:3200 units, which was not increased by hyaluronate, the other had 
a low titre with or without added hyaluronate. The titre was not raised either 
in a strain of Cl. septicum (77, 78). In staph. aureus the hyaluronidase pro- 
duction was raised by addition of a papain digest of peptone to the medium, 
while in Cl. septicum it. could be increased by some specially prepared peptone 
(79). 

A systematic study of hyaluronidase production in relation to serological 
groups and types, to capsule formation and to the sources of the strains in hemoly- 
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tic streptococci was published by Crowley (11). A total of 376 strains were 
tested, 308 of which belonged to group A. Of the latter, 64 strains, all belonging 
to types 4 and 22, showed hyaluronidase activity. Seventy-two and 96 per cent 
respectively of all types 4 or 22 examined were hyaluronidase producers. The 
titres varied from 50 to 1000 M.C.P. units/ce. Thirty-five out of 55 group C 
strains and all of 13 examined of group G strains of a variety of types showed 
hyaluronidase activity. All hyaluronidase positive strains were non-capsulated, 
but many of non-capsulated strains were hyaluronidase negative. Little cor- 
relation was found between hyaluronidase production and virulence. Of strep- 
tococcus strains isolated from 127 cases of scarlet fever, 27.6 per cent; of 136 
cases of sore throat, 36.8 per cent showed hyaluronidase activity. Of the latter 
half of the strains belonged to groups Cand G. Twenty and four-tenths per cent 
of hyaluronidase positive strains were isolated from wounds, burns or impetigo 
contagiosa and 23 per cent from healthy throats. Of 6 cases of puerperal fever, 
3 were hyaluronidase producers, among them a group C strain isolated from the 
blood of a fatal case. However, in another case where the organism was isolated 
from the blood stream, it was capsulated and negative for hyaluronidase. In 
some cases highly contagious strains were isolated from contacts in different 
individuals. ‘The organisms were capsulated and none produced hyaluronidase. 
The author concludes that there was no evidence for correlation of hyaluronidase 
production of streptococci with any particular type of infection, nor with viru- 
lence of streptococci for man. 

Hyaluronidase production of streptococci as reported by Crowley merits 
some discussion, especially in regard to negative findings in non-encapsulated 
strains. It was reported from this laboratory (57) that streptococcal hyaluron- 
idase, present in the medium as well as in purified preparations, showed a 
rapidly diminishing activity as compared to pneumococcal hyaluronidase. 
Furthermore, the same strains of both group A and C organisms varied greatly 
in hyaluronidase production from completely negative to high concentrations, 
although grown under apparently identical conditions. In animals the culture 
medium and purified samples gave a pronounced spreading reaction regardless 
of the in vitro titre of hyaluronidase activity. It was suggested that the enzyme 
may be inactivated, the inactivation being reversible in vivo, while no rever- 
sibility could be demonstrated in vitro. Hale (22) confirmed the anomalous 
behaviour of streptococcal hyaluronidase in the viscosimetric tests but only 
when carried out at pH 4.6. Furthermore, exposure of the enzymes of groups 
A and C streptococci to pH 4,6 before mixing with the substrate resulted in 
complete inactivation of theenzyme. At neutrality the enzyme showed a normal 
fall in viscosity proportional to the enzyme concentration. In our experiments 
the substrate was the sterile pleura fluid of a patient with mesenthelioma. The 
reaction was carried out at a pH of about 7.0. The reductometric tests were 
carried out at pH 5.8 with pure hyaluronic acid as the substrate. Inactivation 
of the enzymes was apparent with both methods. Whether or not the inactiva- 
tion is enzymatic has not been determined. 

In view of these experiences with streptococci it may be questioned whether 
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failure to demonstrate hyaluronidase is synonymous with absence of the enzyme. 
A renewed study of hyaluronidase in streptococci seems indicated, not only in 
regard to hyaluronidase production, but also in regard to spreading activity, 
which in our experience is not confined to types 4 and 22 of group A organisms. 

The correlation between capsule formation and hyaluronic acid production 
has been studied by Seastone (82) in a group C streptococcus. The evidence 
there given for the réle of the hyaluronate capsule in the virulence of the infecting 
organism has been corroborated by Hirst (25), who protected mice by the intra- 
peritoneal injection of leech extracts against fatal infection with a strain of group 
C streptococcus, while against a group A strain only feeble protection resulted. 
Blundell (5) obtained a greater mean survival time in mice infected with a group 
A organism, when treated with testicular hyaluronidase than without treatment. 
McClean (47) reported failure to protect either against groups A or C organisms 
with testicular hyaluronidase. Kass and Seastone (34) protected mice against 
10 to 100 M.L.D. of groups A and C organisms by repeated injections of testicular 
hyaluronidase. No protection resulted from injection of inactivated hyaluroni- 
dase. The specificity for streptococcus was demonstrated by the failure to 
protect against the fatal infection with a type I pneumococcus. ‘The failure of 
other authors to obtain this effect was explained by the time lag between injec- 
tions of the enzyme, which allowed the organisms to regenerate their capsules. 
Kass and Seastone further studied the in vitro effect of hyaluronidase on strep- 
tococci. Phagocytosis of group A organisms by human leucocytes and the killing 
power of whole blood was greatly increased by incubation of the organisms with 
hyaluronidase. In controls with pneumococci no change resulted from incuba- 
tion with hyaluronidase. 

In pneumococci no correlation between the amount of hyaluronidase produced 
and the clinical virulence, or between enzyme production and the type of or- 
ganism, was found (30). Type I organisms rarely produced the enzyme. 

In staphylococcus aureus no correlation between enzyme production and viru- 
lence was reported by Boe (6). However, Schwabacher et al. (81) found among 
654 coagulase positive strains of staphylococci 86.7 per cent producing both 
a-lysin and hyaluronidase, 6.9 per cent hyaluronidase positive and a-lysin nega- 
tive, 4.4 per cent hyaluronidase negative and a-lysin positive and 2 per cent nega- 
tive for both. None of the 160 coagulase negative strains produced either 
a-hemolysin or hyaluronidase. The author concludes that clinical virulence is 
associated fairly clearly with a-hemolysin production and to some extent with 
hyaluronidase production. What part hyaluronidase plays in determining the 
virulence of a strain of Staphylococcus was not clear. 

In Cl. Welchii, McClean, Rogers and Williams (52) found 12 out of 32 strains 
produced hyaluronidase. Of these 12 strains 11 produced toxin and 10 were 
derived from clinical cases of gas gangrene. In Cl. septicum 20 out of 20 strains 
in vitro produced hyaluronidase. Of these 4 were derived from clinical cases 
of gas gangrene, 9 were stock laboratory strains and 7 were contaminants of 
“healthy” wounds. Seven out of 15 strains of Cl. oedematiens produced a low 
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titre of hyaluronidase. Six of these were stock laboratory strains and one was 
derived from a toxemia in sheep. McClean et al. (52) proposed the determina- 
tion of hyaluronidase and lecithinase for early diagnosis of gas gangrene in wound 
infections. Guinea pigs were infected intramuscularly with organisms of the gas 
gangrene group and the presence of the enzymes was determined in the muscle 
extracts and edema fluid. With Cl. Welchii as infective agent the muscle con- 
tained 2 M.C.P. units 2 hours after infection. With Cl. septicum the infection 
developed more slowly than with Cl. Welchii. Edema fluid was not obtained 
before 12 hours after infection, when it as well as the muscle did contain 
hyaluronidase in low concentrations. With Cl. oedematiens the infection pro- 
ceeded still more slowly than with Cl. septicum. In some instances 12 hours 
after infection hyaluronidase was detected in the edema fluid, but since many 
strains did not produce hyaluronidase in vitro, this organism was the least satis- 
factory from the point of view of detection of enzymes in the body fluids. The 
authors further proposed to utilize specific antisera for the differential diagnosis 
of the infecting agents in combination with the enzyme determinations, as in 
positive tests only the specific antisera will inhibit the enzyme of the infecting 
agent (50). 

Clinically the proposal of McClean,et al. was tested by MacLennan (39) in 
39 cases, among them 12 cases of clinical gas gangrene, the others from various 
infections or from non-infected wounds. Only in one case, infected with a strep- 
tococcus pyogenes, was a positive M.C.P. test obtained. 

McClean and Rogers (51) ascribed the failure of MacLennan at least in part to 
the treatment of the clinical cases with antisera. In guinea pigs the adminis- 
tration of antisera inhibited and sometimes suppressed the appearance of hy- 
aluronidase and lecithinase. They further tested whether the size of the infect- 
ing dose explained the difference between the animal experiments and clinical 
cases. A minimal infecting dose of organisms did not diminish the titre in the 
infected tissues of the guinea pig. They further studied a combination of in- 
fecting agents. Cl. histolyticum, which produced no hyaluronidase, caused 
death in combination with a streptococcus earlier than Cl. histolyticum alone. 
The strain of streptococcus used did not produce illness in the guinea pig either 
in presence or in absence of added hyaluronidase. A combination of Cl. histo- 
lyticum with the streptococcus and added hyaluronidase caused death even 
earlier than in the previous experiments. 

MacLennan and associates (40) maintained in a later article that the deter- 
mination of hyaluronidase and lecithinase was unsatisfactory as a diagnostic 
procedure. 

F. Substrates of Hyaluronidase. The difference in the apparent activity of 
testicular hyaluronidase on hyaluronate of different sources has been discussed 
above. Highly purified testicular hyaluronidase has been stated to hydrolyze 
beside hyaluronate only two other mucopolysaccharides, one a monosulfuric 
acid ester of hyaluronic acid obtained from cornea (54), the other the chondroitin — 
sulfate of hyaline cartilage (57) (43). The hydrolysis of chondroitin sulfate is 
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of considerable interest, since compounds of the general composition of this acid 
occur beside hyaluronate, in mesodermal tissue, like umbilical cord (64) and skin 
(56) in concentrations about equal to that of hyaluronate. The chondroitin 
sulfate of skin differed in rotation from that of cartilage (56). The two acids 
were found, in collaboration with Dr. Z. Dische, to differ further in their re- 
sistence to alkali and considerably in the time-intensity curve of their reaction 
with carbazole. Moreover, chondroitin sulfate of skin, and to a lesser degree of 
umbilical cord, in contrast to that of cartilage were resistant to hydrolysis with 
testicular hyaluronidase. 

Is chondroitin sulfate of cartilage a substrate of hyaluronidase, or is it hy- 
drolysed by another enzyme copresent in the testicular preparations? The 
evidence points to the latter explanation. Chondroitin sulfate is not attacked 
by pneumococcal or streptococcal or leech hyaluronidases. While it might be 
argued that the bacterial enzymes are to a lesser degree true mucopolysacchari- 
dases, this cannot be claimed for the leech enzyme. Furthermore, purified 
testicular hyaluronidase after precipitation by acetone lost most of its chondroitin 
sulfate hydrolysing power, while the hydrolysis of hyaluronate was hardly im- 
paired. However, it seems remarkable that hyaluronidase activity towards 
hyaluronate runs practically parallel with the activity towards chondroitin 
sulfate, whether the fractionation is carried out with metal salts or with adsorp- 
tion. The enzyme hydrolyses chondroitin sulfate with the production of a 
disaccharide without hydrolysing the sulfate linkage. Humphrey in a recent 
paper (32) found no hydrolysis of chondroitin sulfate with streptococcal enzyme 
and a negligible effect with an enzyme prepared from Cl. Welchii. Crude and 
a highly purified testicular enzyme however at pH 4.8 and 6.0 liberated reducing 
sugars with chondroitin sulfate at a rate comparable to hyaluronate. Some 
bacterial extracts have been reported to hydrolyse chondroitin sulfate by splitting 
off inorganic sulfate (69). 

III. HyaLuRONIC ACID AND HYALURONIDASE IN ANIMAL PHYSIOLOGY AND 
PATHOLOGY. A. Ocular Fluids. Hyaluronic acid has been isolated from vitreous 
humor of cattle, swine, and sheep and from the aqueous humor of cattle. Its 
concentration in the normal fluids has been determined by analysis of the hexosa- 
mine content. This procedure involves only a small error, since the protein, 
being very low in these fluids, contributes very little to the total hexosamine. 
The concentration of hyaluronic acid found by isolation was in fair agreement 
with that calculated from the hexosamine values. The polysaccharide content of 
vitreous humor varies considerably with the species, from a low of about 9 mgm. 
per cent in the cat to a high of about 48 mgm. per cent in cattle eyes, while the 
concentrations in aqueous humor showed little variation (67). 

The origin of the polysaccharide in the ocular fluids is not known with cer- 
tainty. While the permanent structures of the vitreous body seem to be of 
retinal origin (44), the fluid part probably originates mainly in the ciliary epithel- 
ium which (in this country at least) is considered a secretory epithelium. The 
presence of hyaluronate in the fluids and its absence from serum have been cited 
as evidence for its origin from a secretion rather than a dialysate (65). Hy- 
aluronate on injection into the anterior chamber of rabbits disappears rather 
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rapidly. After paracentesis of the anterior chamber the acid reappears (as 
judged by analysis of the hexosamine) after the return of the protein content to 
normal. It was concluded that the acid was constantly produced and removed, 
presumably after enzymatic hydrolysis. Hyaluronidase has beem reported in 
extracts of the ciliary body and iris (67) though Chain and Duthie (9) denied its 
occurrence in these tissues and suggested bacterial contamination as a source of 
the enzyme. The presence of hyaluronidase has been definitely established in 
pooled aqueous humor obtained by aspiration of the eyes of freshly killed cattle. 
The aqueous humor was lyophilised and the residue dissolved in 1/10 of the origi- 
nal volume. Four units (turbidimetric) of hyaluronidase were found per cc. of 
the concentrate, corresponding to 0.36 unit per cc. of the native fluid (21). It 
is of considerable interest that the hyaluronate present in the same sample was 
found to be almost completely depolymerized. While the vitreous humor of 
the same eyes had a hyaluronate concentration (turbidimetric) of 0.75 mgm. per 
ce., the lyophilized aqueous humor showed only 0.00015 mgm. perce. By 
hexosamine estimation the hyaluronate concentration of the vitreous humor 
ranged from 0.32 to 0.52 mgm. per gram (the lower figures are probably ex- 
plained by the difference in specific gravity and evaporation of water). In 
aqueous humor the hyaluronate concentration was about 0.03 mgm. per gram, 
a value in fair agreement with the concentration found by isolation of an impure 
fraction (0.046 mgm. per gram). Since the concentration by the turbidimetric 
method amounted only to 0.0015 mgm. per cc., we may conclude that the hyaluro- 
nate in aqueous humor is depolymerized to about 95 per cent of the total. As 
this depolymerization presumably occurred in vivo, we assume that hyaluronate 
is after enzymatic depolymerization constantly removed through the normal 
exit channels of the eye. 

What part hyaluronate plays in the physiology and pathology of vitreous 
humor is unknown. It probably takes part in the maintenance of the turgor 
of the vitreous body. The effect of intravitreal injections of purified testicular 
hyaluronidase in rabbits is being studied by Dr. L. von Sallmann. Injections 
of about 100 turbidimetric units appear to liquefy the vitreous humor in vivo. 
The cause of simple glaucoma may well be explained by inhibition of hyaluroni- 
dase in the eye. 

B. Synovial Fluid. Bauer et al. (1) have reviewed the physiology of synovial 
fluid. The view expressed in their paper that synovial fluid contains a glyco- 
protein instead of a dissociated mucopolysaccharide seems no longer tenable 
(see p. 337). Furthermore, the concept of the origin of synovial fluid as a 
dialysate to which the ‘‘mucin’’ is added by the passage of the fluid through the 
connective tissue does not seem probable. If such a mechanism existed then 
pleura and peritoneal fluid and lymph should likewise contain the “mucin” 
which is not demonstrably the case. From the appearance of a viscous fluid in 
tissue culture of synovial tissue (86) it may be concluded that hyaluronate is a 
secretory product of some cells of the synovial lining. This seems to be borne 
out by the isolation of hyaluronic acid from a synovioma, not only at the original 
site of the tumor, but in metastases in the liver (60). 

The concentration of hyaluronic acid in normal human synovial fluid has not 
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been determined by isolation (see below). In cattle synovial fluid obtained by 
aspiration of astragalo-tibial joints the concentration by isolation was found be- 
tween 20 to 25 mgm. per cent (66). From knees of patients with rheumatoid 
arthritis the’ acid was isolated in 3 different samples in concentrations of 60, 
132 and 206 mgm. per cent. However, it may be questioned whether cattle 
synovial fluid as collected, is normal and comparable to the fluid in human joints. 
Its viscosity is low compared to that of normal human fluid taken at autopsy 
or from living patients with no pathology of the joints (72). By extrapolation 
of the dilution curve of human synovial fluid the relative viscosity of the latter 
was estimated as greater than 180, whereas that of the cattle fluid was less than 
10. The volume of the fluid of cattle taken immediately after slaughter is quite 
large, sometimes over 50 cc. It seems possible that due to long standing and 
trauma of the animals before killing the cattle fluid is actually a mixture of syno- 
vial and edema fluid. 

The hyaluronic acid and protein contents and the viscosities of about 30 path- 
ological fluids have been determined (74). The viscosity was variable and never 
higher than that of normal knee joints. The protein content was over 3 per cent, 
that of normal human and cattle fluid below 3 percent. The viscosity practically 
was all due to hyaluronate, since on incubation with enzyme the relative viscosity 
fell to slightly above 1.0, corresponding to the viscosity of the remaining protein 
solution (66). 

By the turbidimetric method the hyaluronic acid content varied from 80 to 
270 mgm. per cent. No direct proportionality between viscosity and hyal- 
uronate concentration was found. In normal human and in cattle synovial 
fluid the hyaluronic acid concentration could not be determined turbidimetrically 
by the above method. In contrast to the pathological fluids the normal fluids 
in the turbidimetric procedure are precipitated as a coherent fibrous clot while 
the pathological fluids with few exceptions precipitated in the form of a stable 
turbidity, as do vitreous humor and the tumor fluids. On incubation of the 
normal fluids with 0.01 unit of enzyme, far too little to decrease the apparent 
hyaluronate concentration, the clot formation of the normal fluids is prevented 
and hyaluronic acid can be determined turbidimetrically. The amount found 
varied between 80 and 150 mgm. per cent as compared to 80 to 270 mgm. per 
cent in pathological fluids. That is, both the concentration and especially the 
total amount of the fluid in pathological joints is larger than that found in normal 
joints. Hyaluronidase in contrast to normal ocular fluid could not be demon- 
strated in synovial fluid, although the absence of fibre formation may suggest 
its presence in low concentrations in pathological joint fluids. 

C. Hyaluronic Acid in Tissues. The presence of hyaluronate in tissues when 
isolation is not possible, can be made probable enzymatically by the use of a 
variety of bacterial and animal enzymes. Judging from the failure of isolation 
experiments and the absence of any effect on capillary permeability by purified 
hyaluronidase, hyaluronic acid is not present in capillary cement. The presence 
of hyaluronic acid in all connective tissues has not been established. Positive 
spreading reactions in stomach and intestinal walls, in the uterus, in striated 
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muscle, fasciae and tendons with crude testicular extracts have been reported 
(12,14). It remains to be determined whether the spreading is due to depoly- 
merization of hyaluronate or chondroitin sulfate. In calves’ tendon the poly- 
saccharide is a*sulfate ester and is hydrolyzed by testicular hyaluronidase at a 
fast rate (60). Only in skin and in umbilical cord do larger quantities of hyaluro- 
nate occur. It seems remarkable that in both tissues chondroitin sulfate is — 
present in a concentration roughly equal to that of hyaluronate. Both sub- 
stances have to be regarded as constituting essential components of the inter- 
fibrillar ground or cement substances in these tissues. It seems of great 
importance to gain more information about the nature of such cement substances 
especially for the understanding of the mechanism of diseases of the mesenchymal 
tissues as well as of wound healing and the problem of ageing. 

Beside hyaluronate and chondroitin sulfate the mucopolysaccharide isolated 
from amyloid tissue may likewise be such a cement substance. This substance 
is a monosulfuric acid ester, containing acetylhexosamine and a uronic acid in 
equimolar proportion. The hexosamine has been isolated and characterized 
as d-glucosamine (60). The behaviour of the mucopolysaccharide towards 
hyaluronidases shows that it is not derived from hyaluronic acid. From its 
enzymatic behaviour and its reactions with alkali and with carbazole it appears 
to be closely related to heparin. It may well be possible that this substance 
accumulates in excessive amounts in certain pathological conditions, while in 
small concentrations it may be a normal component of some mesenchymal tissues. 

Histologically the presence of hyaluronic acid has not been demonstrated, 
since no staining method was known. Hale (23) recently proposed a histo- 
chemical test for hyaluronic acid. After a specific fixation of the tissue, slices 
are treated with iron hydroxide. The iron combines with the acid polysac- 
charides. The bound iron is stained as Prussian blue. For the differentiation 
between hyaluronate and other polysaccharides incubation of the tissue slices 
with streptococcal hyaluronidase is recommended, since this enzyme does not 
attack chondroitin sulfate. No experimental results with this method have 
been reported. 

Highly polymerized hyaluronate in a concentration of about 1 per cent shows 
in smears typical metachromatic staining with toluidine blue, while lower 
concentrations failed to show the effect. The metachromasia is preventéd on 
incubation with hyaluronidase (unpublished experiments). The concentrations 
present in tissues are probably never high enough to contribute to the meta- 
chromatic staining. Therefore, the metachromasia of tissues, done under 
appropriate conditions, probably does indicate sulfate containing compounds 
(37) in connective tissue probably largely chondroitin sulfate. The viscous 
material demonstrated by Bensley (2) in regenerating and young tissue and by 
Maximow (45) in tissue culture, possibly indicates hyaluronate. The réle of 
calcium and ascorbic acid in the cement substances of plants and animals has 
been discussed by Reid (74A). | 

Robb Smith (75) has studied histologically in vitro the effect of testicular 
and streptococcal extracts on the muscle of guinea pigs. Reticulin or collagen 
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were reported not to be affected, but the reticulin membranes became separated 
from the muscle fibres. The author suggests that there may be a layer of 
mucopolysaccharide between the reticulin membrane and the sarcolemma. 
The changes were absent in heated extracts and were prevented by streptococcus 
antisera when streptococcal hyaluronidase was employed. 

A tentative picture of the development of cement substances in mesodermal 
tissue combining the admittedly scanty data may be presented as follows: 
The young fibroblast secretes into the surrounding tissue spaces hyaluronic acid, 
a precursor of collagen, and a chondroitin sulfate. By local acidification in 
the immediate neighborhood of the cells the first fibres are produced by the 
polysaccharides from the native soluble collagen, which denature into the 
insoluble fibre, on the surface of which lies a sheet of the polysaccharides. With 
ageing of the fibres, the polysaccharide layer becomes thinner and the hyaluronate 
is replaced more and more by chondroitin sulfate. Only in metabolically very 
active connective tissue like that of skin, hyaluronic acid production continues 
in appreciable quantities. The rédle of ascorbic acid (87) in the process of fibre 
formation may be that it actually is a component of chondroitin sulfate, replacing 
in the chain some of the glucuronic acid molecules. 

D. Hyaluronic Acid and Erythrocyte Sedimentation Rate. Hyaluronic acid 
in common with other asymmetrical molecules increases the erythocyte sedi- 
mentation rate in vitro or after intravenous injections (61). It was further 
observed in this laboratory that purified testicular hyaluronidase decreased 
in vitro the sedimentation rate of blood of patients, especially in rheumatic 
fever. This action was first thought to be due to the hyaluronidase contained 
in the enzyme preparations. However, it became apparent that hyaluronidase 
activity as determined by chemical or physico-chemical methods was not pro- 
portional to the action on sedimentation rate. This became still more obvious 
when it was found that enzyme preparations fractionated by lead acetate no 
longer acted on sedimentation rate, when lead was removed by NaS instead 
of dialysis, while the hyaluronidase activity was not altered. In further experi- 
ments by Dr. C. Ragan (unpublished) the mechanism of the action on erythro- 
cytes was found to be due to spherocyte formation, caused by an enzymatic 
action of unknown nature on the erythrocyte membrane. 

The effect of hyaluronate on erythrocytes seems comparable to the precipi- 
tation of large particles, such as hemocyanine, liver particles and a number of 
viruses by some colloids of high molecular weight (10). The precipitation 
occurs at neutrality and apparently is not due to polar forces. Depolymerized 
hyaluronate had no effect. It seems remarkable that hyaluronate of high 
polymerization had a much larger effect quantitatively than either chondroitin 
sulfate or heparin (see fig. 1 of Cohen and personal communication). The 
mechanism of this action does not seem clear, but may be connected with complex 
coacervation (7) and obviously deserves further study. 

E. Hyaluronidase in the Animal Body. The réle of testicular hyaluronidase 
in testis probably is confined to the dispersion of the cumulus cells in the process 
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of fertilization (53) (80) (15A). Apparently only mature spermatozoa contain 
a high concentration of the enzyme. Testes of birds, amphibia and reptiles 
contain little (12). The mucus of the cervical plug is not acted upon 
by hyaluronidase (53) (80). The hyaluronidase of human semen has been in- 
vestigated by several workers (32A) (35A) (86A). Kurzrok et al. by a modified 
M.C.P. test found a critical value for hyaluronidase of 50 million sperm per cc. 
Hyaluronidase activity did not run parallel to sperm population. Some ap- 
parently normal semen was found to be deficient in hyaluronidase, concomitant 
with inability to cause fertilization. Mixing of semen and testicular hyaluroni- 
dase or application of hyaluronidase in powder form to the cervix was said to 
have increased considerably the number of successful fertilizations. 

No conclusive data are available for the occurrence of hyaluronidase in blood. 
Intravenously injected enzyme is rapidly eliminated from the circulation. 

The demonstration of hyaluronidase in aqueous humor has already been 
mentioned. 

A relatively large concentration of hyaluronidase occurs in skin (57). In 
press juice of ground rabbit skin very little activity can be demonstrated, but 
when the material is autolysed in presence of toluol in phosphate buffer of 
pH 5.0, a relatively large concentration is found in the supernatant solution. 
Chain and Duthie (9) were unable to find any hyaluronidase in skin. However, 
the authors likewise failed to obtain a spreading reaction with skin extracts, 
in contrast to Duran-Reynals’ (12) and our experiments. The higher concen- 
tration in autolysed material may be due either to the liberation of enzyme 
bound to cell structures or conversion of inactive into active material. The 
latter hypothesis seems more likely. Of interest in this connection is the obser- 
vation of Duran-Reynals that washed glandular tissues of poisonous snakes 
are almost free of hyaluronidase, whereas it appears with the glandular se- 
cretion. 

The concentration of potential hyaluronidase in skin may be still higher than 
that found, since during autolysis considerable destruction of added enzyme 
occurs. 

The occurrence of hyaluronic acid and hyaluronidase in skin may point to 
a rather rapid turnover of the former. This turnover may be regulated by 
certain hormones. Luria and Zappasodi (38) found a significant increase 
in the spreading effect in rabbits treated with luteinizing hormone. Other 
workers (84) have found a decreased reaction under the influence of follicular 
hormone. The edema fluid of the sex skin of monkeys in the estrus phase 
has been reported to be similar to synovial fluid (9). The turgescence of the 
sex skin of the baboon during the menstrual cycles was studied by Clarke (9A). 
A considerable part of the water uptake of the skin was apparently bound water 
since no free edema fluid could be demonstrated. The deturgescence at the 
end of the estrus cycle supplied the animal with fluid for 11 days. We may 
assume that this fluid was bound by hyaluronic acid. 

Localized hyaluronidase action has been suggested as a possible explanation 
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for the bullae formation in pemphigus (38A). However, after intradermal 
injection of hyaluronidase into normal people and into patients suffering from a 
variety of rheumatic diseases, bullae were never observed. 

F. Clinical Application. The use of hyaluronidase in artificial insemination 
has been mentioned above. 

On injection of purified testicular hyaluronidase into the knee joints of patients 
suffermg from rheumatoid arthritis the viscosity of the fluid was remarkably 
reduced. No change was observed in the underlying disease. One week after 
the injection, the viscosity of the fluid had returned to the original level (73). 

In one patient having a mesenthelioma of the pleura and peritoneum purified 
testicular hyaluronidase of bull or ram was injected intraperitoneally to facilitate 
removal of a fluid of honey-like consistency (85). Without hyaluronidase 
injection, evacuation of the fluid was difficult and incomplete. After injection 
of 16,000 to 80,000 units of hyaluronidase, fluid of low viscosity could be com- 
pletely removed in a short time. No immediate harmful effects of the injections 
were apparent. Injections and paracentesis were repeated at various intervals. 
The tumor finally did not seem to produce as much fluid as originally. On 
autopsy large tumor masses were found in peritoneum and pleura with little 
fluid mostly encapsulated. 

A connection between hyaluronic acid and hyaluronidase and rheumatic 
diseases, especially rheumatic fever, has probably been suspected by many 
workers. In a number of articles Guerra (16) recently reported the inhibiting 
effect of sodium salicylate on the spreading of India ink, in rabbits injected 
with crude testicular hyaluronidase. The area of spreading without hyaluroni- 
dase was reduced by 20 per cent with 0.07 and by 31 per cent with 0.10 gram 
per kgm. of sodium salicylate. With hyaluronidase injection the area 
of spreading was reduced 57 per cent with 0.07 gram per kgm. and 66 per cent with 
0.1 gram per kgm. of sodium salicylate. Sulfadiazine did not decrease the spread- 
ing effect of hyaluronidase. 

In- human subjects intradermal injection of the enzyme with the dye T1824 
was said (17) to cause, in individuals with active or inactive rheumatic fever, 
unique reactions with enormous diffusion of the dye and local edema that 
sometimes involved the entire arm. Salicylate inhibited the spreading reaction 
in those cases. The type of reaction was also observed in one male with exan- 
thematic typhus. 

In this laboratory salicylate in vitro in equivalent or higher concentration 
has been found to be without effect on the depolymerization or hydrolysis 
of hyaluronate. However the marked depressing action on skin diffusion, 
in rabbits has been confirmed (J. A. Coss, personal communication). The expla- 
nation of this effect as well as the beneficial action of salicylate on some rheu- 
matic manifestations may be found in an inhibition of hyaluronate production 
of mesenchymal cells. 


CONCLUBIONS 


It is obvious from this review that the relationship between bacterial infection 
and the hyaluronidase system has continued to receive more of the attention 
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of investigators than has the metabolism of hyaluronic acid and its réle in 
animal physiology and pathology. From the scanty data available, it seems 
obvious that the functions of the skin, of the ocular fluids, of synovial fluid 
and of the connective tissues in general must depend in part on the quantity and 
degree of aggregation of hyaluronic acid. Gels formed by the acid serve partly 
as the cement which holds cells togethe:. In other structures as in the joint 
they protect internal surfaces, or they are part of the viscous barriers as in some 
connective tissues which regulate the exchange of metabolites and water. Thus 
the physiological aspects of hyaluronic acid as well as of other mesodermal 
cement substances seem to be of even greater importance than their réle in 
infection. 
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PATHOGENETIC FACTORS AND PATHOLOGICAL CONSEQUENCES 
OF DECOMPRESSION SICKNESS 


H. R. CATCHPOLE' anv ISIDORE GERSH?! 


Naval Medical Research Institute, Bethesda, Md., and Department of Anatomy, The Johns 
Hopkins University, Baltimore, Md. 


For almost fifty years no comprehensive review of the pathological conse- 
quences of decompression sickness has appeared. The reviews of Paul Bert 
(1878) and of Heller, Mager and von Schrétter (1900) defined the etiology of the 
disease and formulated the main aspects of its pathological results. The views 
of these authors have remained essentially unchallenged. But since that time a 
great clarification of the physical factors involved in aeroembolism has come 
about and a need has arisen to integrate more recent work in pathology with the 
older literature, with the objective of reinterpreting both in terms of these 
physical factors. 

In dealing with this literature, key references have been preferred to exhaustive 
quotation. Deliberate limitations in subject matter have caused the exclusion 
from discussion of changes referable to the air-containing cavities, where air 
expansion per se gives rise to the pathological effect (pain, rupture, hemorrhage); 
thus removed from consideration are: aero-otitis media, sinus pain, pain and 
other effects arising from trapped gases in the intestinal tract, and, as possibly 
connected with the same phenomenon, pain associated with the teeth (86, 
114, 129). 

Some of these factors as pertaining to aviation have been dealt with by Arm- 
strong (1). Also excluded are considerations of pathological physiological 
changes, e.g., in renal, cardiac and metabolic functions, in the gastro-intestinal 
tract, in the composition of the blood, in blood vessels and in the general phe- 
nomenon of shock. Effects due to anesthesia have been omitted, but a section 
on drugs and exercise is included. Effects directly referable to acute and chronic 
anoxia have also been omitted. In so doing, an effort has been made to separate 
the results of low oxygen on the body as a whole from those traceable to aeroem- 
bolism. 

This review falls into two sections. In the first, physical and mathematical 
considerations governing the uptake and elimination of gases by the body and 
by individual tissues are discussed, and the conditions are defined for the relative 
susceptibility of a given site to bubble formation. In the second section, the 
gross and microscopical pathology of organs and tissues following decompression 
are related to these factors. While the effects of pressure and those of altitude 
are usually considered separately, the three categories of caisson disease, decom- 
pression sickness of divers, and aeroembolism of aviators, are regarded as basically 
similar entities, in which pathological differences are, or will prove to be, ade- 
quately explained by reference to the physical factors involved. 


1 Present address: Department of Pathology, University of Illinois, College of Medicine, 
Chicago, Il. 
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PATHOGENETIC FACTORS IN DECOMPRESSION SICKNESS. Physical Considera- 
tions. Mathematical principles. The phenomena accompanying gas bubble 
evolution in the bodies of animals subjected to decompression have led recently 
to a revival of interest in the purely physical mechanisms involved in the separa- 
tion of a gaseous phase from a saturated or supersaturated solution of a gas. 
This topic had already been explored in the eighteen seventies (for early litera- 
ture, see 38, 72). The conditions for'stability of a bubble of gas immersed in a 
liquid saturated with gas at 1 atmosphere have been defined (38, 72, 102) by the 
relation: 

P=H+2¢/r 


where P = pressure in the bubble in excess of atmospheric, H = the hydrostatic 
pressure at the bubble level, « = surface tension of the liquid, r = radius of the 
bubble. 

As the radius r of the bubble diminishes, the second term of the above expres- 
sion gets larger, and when r approaches the dimensions of a water molecule, the 
excess pressure due to the surface tension of the liquid is counted in thousands of 
atmospheres (38). There exists, in fact, a lower critical value for r (that is, a 
minimum bubble size) below which this excess pressure will literally squeeze the 
gas back into solution (72, 102, 128). Above the minimum size, however, the 
bubble will grow by diffusion as long as the tension of dissolved gas in its vicinity 
is greater than the gas tension in the bubble. For a free bubble to arise de novo 
it is necessary that this minimal size be achieved by sufficient molecules simul- 
taneously attaining enough energy to overcome the forces of attraction between 
them. This was considered to be within the realms of statistical probability by 
Piccard (128). However, other theoretical treatments and experimental work 
reported by Dean (38) and Harvey (72) lead to the conclusion that bubbles do not 
tend to form in liquids spontaneously unless high negative pressures or consider- 
able degrees of superheat are applied. 

Gas masses existing in cracks or attached to irregular surfaces, on the other 
hand, have very different conditions for stability depending on the geometry of 
the surface, the shape of the gas-liquid-solid junction, contact angles, surface 
tension and A P (see below) which have been worked out for certain situations 
(72). Such gas masses may be stable at or below a critical size, but they grow 
indefinitely by diffusion above this critical size; an important property is that 
their gas content may be increased gradually by successive boostings. Gas 
nuclei are defined (72) as small invisible masses of gas’usually, but not always, 
attached to a surface, which grow by inward diffusion of gas from the surrounding 
liquids. These enlarged masses may eventually become detached as free bubbles, 
or bubbles may become detached leaving behind a nucleus for the growth of other 
bubbles. The origin of these gas collections is obscure. The condition that they 
normally be attached to a surface, or contained in a crack, arises from the insta- 
bility of small free bubbles noted above. Gas monolayers are believed not to 
promote bubble formation, but the possibility that multilayers of gas may act as 
nuclei has been suggested (38). Hydrophobic surfaces hold gases very tena- 
ciously (72) but there is no evidence that tissue surfaces possess such properties. 
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Gas nuclei may be produced in surface cracks or acute angled cavities by statisti- 
cal fluctuations of gas molecules’ (72, cf. also 128). 

Harvey (71, 72) has introduced a useful expression to define the tendency, 
A P, of a gas to leave a liquid phase: 


AP =ti-—P 


where ¢ = gas tension in the liquid; P = hydrostatic pressure (this may be posi- 
tive or negative in sign; the latter condition obtains when a pull is exerted on a 
liquid). Bubbles may form de novo when a very high negative pressure is pro- 
duced in a liquid (when P is negative, AP increases). Acting in the vicinity of a 
gas nucleus, local negative pressures will favor the diffusion of gases into the 
nucleus. Such “cavitation” of a liquid may arise through pressure pulses, sound 
waves, Bernoulli effects (motion of liquids through constricted tubes), turbulent 
motion and through stretching. Increase of é will produce the same effect by 
providing a richer population of gas molecules for diffusion. Dean (38) attri- 
buted most cases of bubble formation in liquids in motion to vortices produced 
by turbulent flow. However, the streamlining of the vascular flow militates 
against this view as applied to bubble formation in animals (72). 

Models of systems containing gas nuclei were studied by Pease et al. (126). 
Capric acid (M. P. 31°C) cooled to the point of crystallization provided foci for 
cavitation in aqueous solutions, and the process was reversed on warming; i.e., 
gas nuclei were apparently created and destroyed by these procedures. The same 
authors found that stearate monolayers on glass promoted cavitation; alcohols, 
amino acids and proteins abolished this effect. Removal of gas nuclei from 
liquids was early described by Tomlinson (cited by Dean, 38), and since that time 
bubble nuclei have been variously removed by boiling or partial evacuation of 
water, followed by standing (38); by centrifugalizing, filtering, boiling or subjec- 
ting to 1000 atmospheres pressure (72); and by pressure, evacuation or chemical 
agents (126). The remarkable properties of liquids freed from gas nuclei in 
resisting superheat and negative pressures have been frequently described (72, 97, 
98). Harvey et al. (73) distinguished between macronuclei, removable from 
water by centrifugalization, and micronuclei, removable only by high pressures 
(1090 atmospheres). Freshly drawn blood is completely free of macro- and 
micronuclei; such nuclei are neither present in the blood plasma, nor attached to 
formed elements or to any other constituent of the blood. It must therefore be 
assumed that they are attached to the linings of blood vessels, and that bubbles 
formed at the sites of the nuclei are released into the circulation (72). 

Factors in the growth of gas nuclei in the body. If the concept of AP = t — P 
be adopted as a measure of the bubble forming tendency, and the presence of gas 
nuclei in the body be accepted, a number of conditions favoring, or tending to 
prevent, bubble formation become intelligible. Local production of CO, in- 
creases ¢ and therefore increases AP, and so conduces to bubble appearance (69, 
110); muscular activity, besides increasing the CO, tension locally gives rise to 
mechanical tensions and to consequent decrease in P; for both reasons it favors 
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bubble formation (28, 68, 110, 177). Tissue manipulation of almost any kind 
(stretching, cutting, crushing) leads to the same result (73). Bone fractures are 
a potent site of bubble formation (17, 70), since they lead to sharp momentary 
falls in the value of P. Bubbles form more readily in veins (low P) than in 
arteries (high P) (72, 177). Among factors delaying or preventing bubble for- 
mation in cats stimulated to muscular activity at altitude were: pre-stimulation 
(109, 177), anoxia (109, 69), traumatization of legs by skinning (109); these treat- 
ments promote local hyperemia or hyperventilation, and result generally in an 
increased value for P combined with faster elimination of nitrogen. Not sus- 
ceptible of such simple analysis are the effects of vasoconstriction, which are 
equivocal, and of vasodilatation (aminophyllin), which are negative (137). It is 
evident that for the body as a whole, AP represents an aggregate of pressure 
differences of constantly varying magnitude in different sites. The situation is 
summarized by Harvey (72): “at ground level AP is nearly zero in tissues to 
negative in arteries. On rapid ascent to high altitude it is at first positive every- 
where, but quickly becomes negative in arteries (due to blood pressure and rapid 
equilibration with alveolar air), remaining locally high in small vessels (due to 
CO, and N; of tissues) for a time, finally becoming zero to negative except for 
regions of fat deposits or very poor circulation.” 

Establishment of critical pressure differences. Decompression establishes AP 
values necessary for bubbles to grow. Boycott, Damant and Haldane (21) found 
experimentally in goats and man that decompression from 2.3 atmospheres to one 
atmosphere never produced symptoms. On the basis of equivalent gas volumes 
they argued that a drop of approximately one-half of the original gas pressure 
would be safe whatever its value (e.g., from 4 to 2 atmospheres, from 6 to 3 atmos- 
pheres, etc.). But as will be seen in a succeeding section, this assumption is 
untenable, and Haldane himself (65) has stated that above six atmospheres it is 
no longer quite safe to halve the initial pressure. Behnke (5) proceeded on the 
basis that the difference between tissue gas pressure and the external pressure 
should at no time exceed 1.3 atmospheres (2.3 minus 1.0 atmosphere). He then 
calculated decompression rates that would hold the external pressure at not more 
than 15 lb/sq. in. below the greatest tissue pressure. The views of both Haldane 
and Behnke have been critically examined by de Burgh Daly and his associates 
(37, 43). Smaller animals appear to be able to tolerate greater pressure differ- 
entials. Guinea pigs survive decompression from 60 Ib/sq. in. (gauge) to atmos- 
pheric pressure (15 lb/sq.in.), and bubbles are produced with difficulty in rats 
and mice. 

For the occurrence of aeroembolism in man there appears to be a critical alti- 
tude of 20,000 to 25,000 feet (0.45 to 0.37 atmosphere) as given by the British 
authorities (133), or perhaps somewhat higher. Under extreme conditions of 
stimulation, bubbles appear in cats decompressed to 35,000 feet (0.23 atmos- 
phere). In rabbits, bubbles can not usually be produced at 40,000 feet (0.18 
atmosphere); at 45,000 feet they are formed under specified conditions (27). 
Bubbles scarcely appear in quiet frogs below 60,000 feet, although violent mus- 
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cular activity reduces the ceiling considerably (177). The smaller rodents again 
are relatively refractory to bubble formation and rats at altitude, in a state of 
normal activity, do not yield bubbles at 50,000 feet (177). 

Effect of rate of decompression. Since the time of Paul Bert, it has been repeat- 
edly demonstrated that the severity of decompression sickness is directly related 
to the rate of decompression. Altitude studies by Griffin et al. (62) compared 
the effect of different rates of ascent (1000 and 5000 ft. per minute) and showed 
a markedly greater susceptibility to bends after the faster ascents. 

Systematic studies on rabbits decompressed to altitude showed a relation of 
rate of decompression to the incidence and severity of bubble formation (table 1) 
(27). When decompressed to 45,000 feet in eight minutes or less, mortality was 
high, and survival time became progressively shorter as the time to altitude 
decreased. At decompression times exceeding ten minutes to reach 45,000 feet, 
mortality was low and bubble incidence minimal or zero. 


TABLE 1 


Effect of rate of decompression on the 50 per cent survival time, the percentage of deaths, and 
the symptoms of rabbits decompressed to 45,000 ft. 





AVERAGE BUBBLE 
SO PER CENT SURVIVAL | , .| INCIDENCE SCALE: 0 (NO 
; a ) | - 
RATE OF DECOMPRESSION | sonar | PERCENTAGE OF DEATH suseaes) fo § (cet 


NUMEROUS) (27) 





- —| —— — 


min. 


ose ice 12 | 81 | 5 to 2 
30 sec. tol min................| 7 92 | 3 to 1 
2min. to5min................ | 13 | 66 | 2 to 0 
6 min. to 8 min................ | 17 | 80 | 1 to 0 
ong aaa 30 | 15 | 0 





— w— 


Similar considerations appeared to control the death of animals receiving injec- 
tions of air at varying rates into peripheral vessels (140). 

Decompression from high pressures and to altitude. ‘The principle that decom- 
pression from five atmospheres to one is far more hazardous than from one 
atmosphere to one-fifth of an atmosphere was demonstrated in vitro by Piccard 
(128). Water saturated with air gave brisk effervescence in the former case, and 
slow, delayed evolution in the latter. The total volume of gas available for re- 
lease was the same in both instances. The explanation (68, 128) lies in the 
greater weight of gas dissolved at the high pressure, and consequently the greater 
number of gas molecules available for diffusion into gas nuclei (or for the forma- 
tion of aggregates of gas by collision). This determines the rapidity of bubble 
formation, when the pressure is suddenly released. An in vivo counterpart of 
this demonstration is shown by a comparison of bubble frequency and distribu- 
tion in guinea pigs decompressed from 105 |lb/sq. in. gauge pressure to atmospheric 
pressure, and in rabbits decompressed from ground level to 45,000 feet (51). 
Bubble formation was far more severe in the former case (table 2) although the 
relative pressure reduction was seven to one in both. These results are entirely 
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similar to those reported by de Burgh Daly et al. (87, 43) who compared the 
results of decompressing rabbits, guinea pigs and rats from 6.3 to 1.0 atmosphere, 
and from 1.0 to 0.16 atmosphere. It is clear that the reduction in pressure by 
one half employed by Boycott, Damant and Haldane (21) would actually become 
more hazardous as the initial pressure increased. 

Composition of gas bubbles. It was conclusively shown by Paul Bert (18) that 
nitrogen formed the major constituent of gas bubbles recovered from animals 
after decompression from compressed air atmospheres. The réle played by CO, 
- in bubble formation has given rise to some speculation as to the composition of 
gas bubbles at the site of formation. Gas diffusion constants for the common 
respiratory gases are approximately equal, and the composition of a bubble will 


TABLE 2 


Comparison of the distribution of gas bubbles in rabbits decompressed to a simulated altitude of 
45,000 feet with guinea pigs decompressed from compressed air at 105 lb. per sq. in. (gauge) 








HIGH PRESSURE LOW PRESSURE 
Extravascular gas bubbles 
Adrenal Numerous None 
Nerves Numerous None 
Fat (intracellular) Numerous None 
Blood vessels 
Arteries and veins Present Present 
Capillaries Present Fat only 
Spleen 
Sinusoids Present Present 
Arteries and veins Present Present 
Branches of pulmonary arteries Present in many Present in few 
Liver 
Sinusoids None None 
Central vein Few Few 
Liver cells Watery vacuoles No watery vacuoles 
present present 
Intestine Numerous Few 
Muscle Numerous Few 











7 

therefore be largely controlled by the amount of gases close to it (38). Carbon 
dioxide is some 50 times more soluble in water than nitrogen. In COQ rich re- 
gions, such as a contracting muscle, this gas may condition the formation of the 
primary bubble and represent its principal constituent, at least for a while. 
Recent experiments (69, 110) support the rdle of COs as a facilitator in bubble 
formation. When the bubble rich in CO, is moved to a body region rich in nitro- 
gen and poor in COz, the latter gas will diffuse out and nitrogen in, to give bubbles 
essentially composed of nitrogen. 

Gas Uptake and Elimination. M slieinatioal principles. Since the first demon- 
stration of the importance of nitrogen in events leading to decompression sickness, 
attempts have been made to analyse experimentally and describe theoretically 
the course of gas uptake or elimination when the ambient pressure is raised’ or 
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lowered. That gas uptake would present the characteristics of a logarithmic 
relationship was recognized by Zuntz (185) and by Heller, Mager and von 
Schrétter (80). Employing the findings of Vernon (168) on the high solubility 
of nitrogen in fat, Boycott et al. (21) also presented a logarithmic relationship, 
but indicated a slower rate of saturation per round of circulation than the above 
authors. They stated further that their computations gave a rough approxi- 
mation only to the actual rate of saturation for the body as a whole, due to varia- 
tions in blood flow to the several tissues and to differences in body composition. 
Experimentally they found in goats a 94 per cent saturation in3hours. From this 
they deduced a similar degree of saturation for man in 5hours. In computing 
decompression tables for divers, they arbitrarily assumed the existence of tissues 
having half saturation times of 5, 10, 20, 40 and 75 minutes, while admitting the 
possibility of tissues saturating at yet slower rates. Campbell and Hill (23) 
showed that about one third of the gaseous nitrogen of the human body was re- 
moved in the first few minutes while breathing 100 per cent oxygen, but some 
tissues were found to remain unsaturated after several hours’ excess pressure (24). 
Hawkins, Shilling and Hansen (76) from a study of a large series of experimental 
dives modified the British decompression tables. They also adhered to the 
assumption of tissues having half saturation times of 5 to 75 minutes. De- 
compression times were radically reduced, especially for dives of short duration, 
in which the “slow” tissues would have become only partially saturated. 

That saturation and desaturation curves should be reciprocal was indicated 
by Boycott et al. (21) and shown experimentally by Shaw et al. (146). The 
latter further showed that nitrogen absorption obeys Henry’s law. A somewhat 
different concept was introduced by Behnke and his co-workers (5, 6, 7, 8, 12). 
Total nitrogen of the body was considered to be partitioned between aqueous 
and fatty phases, and the curve of nitrogen elimination was represented as the 
sum of two exponential expressions governing respectively the ‘‘water’’ nitrogen 
and the “fat” nitrogen. ‘There was satisfactory agreement between nitrogen 
elimination found for man, and that calculated from the equation: 


Y = 382 (1 — 7-085 *) + 458 (1 — e70-0% *) 
(water) (fat) 


s 
where Y = total elimination of Neo, t = time in minutes, e = base of natural log- 
arithms (12). 

Some question was expressed subsequently of the adequacy of the k values 
cited above. Underwoood and Diaz (164) injected radon into the saphenous 
vein of the dog and studied its elimination through the lung at one minute inter- 
vals for four minutes. Part of the gas in the body was shunted to regions of 
poor circulation and was not measured in the short time interval allowed. They 
found & values of 0.66 as compared with the much smaller values obtained by 
Behnke (12), and believed that their figure applied to gas leaving the blood 
whereas the Behnke values were for gas entering the blood from tissues. This 
finding was held to resolve the difficulty encountered by Shaw et al. (146) which 
led to their postulation of a peculiar state of nitrogen supersaturation in vivo. 
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Smith and Morales (150, 151), Morales and Smith (117, 118, 119), Jones et al. 
(90), and Ferris et al. (48) have contributed further to the analysis of blood-tissue 
gas exchanges and it becomes necessary to establish the general trend of such 
attempts to date. It appears to be implicit in the work of Boycott et al. (21) 
that the total body nitrogen reservoir may be represented as the sum of 5 (or 
more) arbitrary “tissues” with half saturation times of 5 to 75 minutes. Shaw 
et al. (146) and Behnke et al. (12) also considered that nitrogen elimination could 
be represented empirically by one or more exponential equation of the form 


Y=A(l1—e 4) 


where Y = amount of N, eliminated in time ¢ (minutes), A = amount of N. 
originally present, k = constant of elimination, e = base of natural logarithms. 
In actual practice two such functions were used and referred to water and fat 


phases respectively. Underwood and Diaz (164) generalized from the work of 
these latter authors to the form 


Q = 2Qo (1 — e*') 


where Q = total amount of gas eliminated, ¢ = time in minutes, ,Q) = initial 
amount of gas present in the 7 state (i.e., in water, fat, etc.), k; = elimination 
constant for the 7 state, e = base of natural logarithms. 

Smith and Morales (150) in developing an equation for the uptake of inert 
gas by tissue regions, e.g., the tissues of a limb, considered the following physical 
and physiological factors to be operative in gas exchange: blood.volume of the re- 
gion, delivery rate of blood flow, delivery concentration of gas in the blood, tissue 
volume, gas solubility in each tissue, area of the capillary bed, and tissue perme- 
ability to the gas. They derived an expression for tissue regions identical in 
form with that of Underwood and Diaz (164) but in which the various Q and k 
values were invested with physiological meaning. ‘These quantities are not to 
be considered as characteristics of a specific tissue component (water or fat, 
etc.), but are functions of all tissues of the region, and of the circulation. They 
concluded (117) that the early, more rapid absorption stage is governed by the 
blood and by aqueous tissues in close relation to it, and the slower, later stages 
predominantly by fatty tissues; that these processes are nevertheless simul- 
taneous and conditioned by physical and physiological factors whose importance 
varies from tissue to tissue and from region to region. These factors may be 
varied, e.g., by the substitution of one inert gas by another, by increasing blood 
flow to a region and by altering the degree of fatness. By the method of de- 
riving the general equation employed by these authors, the effects of altering 
these variables are claimed to become predictable. Further, these quantities 
may be measured independently of gas uptake, and substitution into the equa- 
tions developed gave agreements held to be close enough to justify the method 
of approach (117). Jones et al. (90, cited 117) found curves for nitrogen de- 
saturation of the whole body to conform to the general equation. They em- 
phasize in particular the réle of the circulation, and believe that all their results 
are explainable on the basis of gas solubility and blood-tissue perfusion rates. 
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Gas solubilities. The greater susceptibility of fat individuals to decompres- 
sion sickness was noted by Boycott and Damant (20) who deplored the fact that 
increase in experience and technical skill should so often be associated with the 
increasing waist that accompanies the onset of middle life. This susceptibility 
was attributed to the greater solubility of nitrogen in fat which becomes a gas 
reservoir maintaining nitrogen pressure long enough for bubbles to form during 
the pressure drop of decompression. From this time, considerations of gas 
solubility in body- constituents have occupied an important réle in the theory 
and practice of decompression sickness. It is generally held that tissues, with 
the exception of fat, take up gases in proportion to their water content (23). 
Data on the solubility of gases in plasma and body fat are incomplete, but their 
solubility in water and certain oils is better known. Since the effects of salts 
and proteins (74, 75, 144, 167) and the differences in the nature of the lipids (168) 


TABLE 3 
Solubilities, relative solubilities and ratio of solubility in oil to solubility in water of respiratory 
and inert gases presented in order of ascending molecular weight and density. Cited in 
part from ref. 161 





























RELATIVE : RELATIVE BASED OF 

ce | amen | are | S| GREE | tr RS | 

) He = 1.9 : He = 1.0 Os WaTeR 

cc/100 cc cc/100 cc 

H: 2.0 0.0695 1.6 1.9 4.5 3.0 2.8 
He 4.0 0.138 0.85 1.0 1.5 1.0 ey 
N2 28.0 0.963 1.3 1.5 6.7 4.5 5.2 
O- 32.0 1.105 2.4 2.8 12 8.0 5.0 
A 39.9 1.38 2.6 3.1 14 9.5 5.4 
CO, 44.0 1.529 56.0 66.0 87.6 ° 58.0 1.6 
Kr 83.7 2.868 4.5 5.3 43 29 9.0 
Xe 131.3 4.525 8.5 10.0 170 110 20.0 
Rn 222 7.526 15 17.5 1900 1300 126.0 








on gas solubility are relatively small, the values for water and oil may be used 
as first approximations for plasma and fat (12, 23, 168). Oil and water solu- 
bilities of H,, O2, CO, Nz and of the inert gases He, Ne, A, Kr, Xe, Rn have been 
recently critically examined and tabulated (161). Values for some members of the 
series were newly derived using a radioactive isotope technique, while other values 
were derived from the older literature. Some of these results are included in 
table 3. 

Nitrogen. If the fat content of the body is 15 to 20 per cent, the fivefold greater 
solubility of nitrogen in fat compared with water implies that one-half of the 
total nitrogen of the body is dissolved in fatty tissue (5, 12, 21, 23). During 
short exposures to excess pressure, fat may act as a reservoir to protect the body 
against sudden flooding with bubbles (5). Times for essentially complete satura- 
tion of the body by nitrogen are given as: man, 5-6 hours (20, 23); dog, 3-4 hours 
(146); goat, 3 hours (21). Small animals saturate and desaturate much 
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more rapidly (21) and require higher pressure differentials to elicit bubble 
formation. 

Oxygen. In atmospheres of compressed air, the amount of dissolved oxygen in 
tissues represents an inconsiderable part of the dissolved gases. However, the 
oil-water ratio for oxygen approximates that for nitrogen, and exposure to100 
per cent oxygen under pressure followed by decompression leads to the appear- 
ance of gas bubbles (53, 81, 83). For reasons believed to involve tissue damage 
by oxygen under pressure, bubble formation was of less intensity on decompression 
from oxygen atmospheres (53). In decompressions to altitude from oxygen at 
atmospheric pressure the formation of bubbles is greatly reduced, and pretreat- 
ment with oxygen is commonly employed for protection under these circumstan- 
ces (28, 49, 177, 179). 

Helium. A low oil-water ratio and the low solubility in both plasma and fat 
has rendered this gas relatively ideal as a diluent for oxygen in diving (6, 13, 15). 
The total body content of He at saturation is only 40 per cent that of N» and 
relatively less is present in the “slow” tissues. Time for helium elimination is 
approximately 50 per cent that required by nitrogen. There is a cutaneous dif- 
fusion of helium of 50.cc. per hour which increases rapidly above 28°C with the 
concurrent sharp rise in peripheral blood flow (14). 

Hydrogen. The solubility characteristics of hydrogen are less favorable than 
those of helium and no special advantage is gained by its use. It has been em- 
ployed in experimental diving work (183). 

Argon, Xenon, Krypton, Radion. The oil/water solubilities of these gases 
increase roughly in proportion to their atomic weights (91). The last three have 
found application chiefly as radioactive tracers. Use of argon as a diluent for 
oxygen in compression studies has served to confirm the view that the production 
of a highly saturated reservoir of inert gas favors bubble formation. Symptoms 
of increasing severity were produced by gas mixtures in the following order: 
oxygen, helium-oxygen, air, argon-oxygen (53), conforming to the oil/water solu- 
bilities of helium, nitrogen and argon respectively. 

Chemical composition of the body. Arbitrary resolution of the body into lean 
body mass and fat in studying abnormal pressure effects was suggested by Behnke 
(6, 9) and a theoretical formulation was developed by Morales et al. (115). 
The lean body mass, consisting of bone and other tissues, together with essential 
lipids, maintains in the adult a relatively constant composition. Body density 
was used as an index of obesity by Behnke et al. (10). By comparing body 
specific gravity with direct estimations of total fat in the guinea pig, Rathbun 
and Pace (134) formulated a quantitative relationship between them. A similar 
relation between specific gravity and fat content was suggested by these authors 
for man. Computations of body composition from inert gas uptake have been 
made (6) and methods involving the differential uptake of two inert gaseshave 
been suggested as a means of measuring watery and fatty tissues (91, 116, 123) 
but apparently have not been elaborated experimentally. 

Analysis of the effects of decompression on individual tissues requires a break- 
down of their composition in terms of fatty and non-fatty components. Values 
have been derived from the literature for the composition of some tissues of 
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particular interest in decompression (table 4). The fat content of bone marrow 
is high (56, 85, 173). Since bone marrow may represent from 2.2 to 4.4 per cent 
of the body weight, bone marrow fat may comprise up to one-fifth of the total 
body fat. The adrenal gland is relatively rich in fat (7.5-14 per cent) and in 
decompression from high pressures a fall in specific gravity of this tissue has been 
correlated with the presence of extravascular bubbles, paralleling the situation 
existing in fat tissue proper (52). Brain (156), nerve, liver and muscle are rela- 
tively poor in fat; the skin, as a rule, is somewhat richer than these tissues (66). 

Tissue blood flow. Inert gas uptake depends among other things on the rate 
of blood flow, and heavily perfused organs saturate and desaturate rapidly (150). 
It may be assumed that urine originating in Bowman’s capsule would reflect the 
gas tension of the glomerular blood. Hill and Greenwood (81) early showed 
experimentally in man that the pressure of nitrogen in the urine became equal to 














TABLE 4 
Fat content of body tissues and organs 
FAT CONTENT 
TISSUE OR ORGAN ANIMAL ry 
Per cent wet weight Per cent dry weight 
Brain Man 5-8 156 
Yellow bone marrow Pig 87-90 24 
Ox, sheep, horse 90-96 24 
Goat 90-95 24 
Red bone marrow Rabbit 70-90 173 
Adrenal gland - Guinea pig 7.5-14 30-54 52 
(calculated) 
Nerve-sciatic Guinea pig 5.1 (calc.) 10-24 52 
Liver Guinea pig 1.4 (calc.) 4.9 (range: | 52 
0.5-11.8) 
Muscle Guinea pig 1.7 (calc.) 6.8 (range: | 52 
1.0-16.5) 
Skin Rat 6.6-12 66 




















that in the alveoli within 10 minutes after exposure to increased pressure and that 
_ the excess nitrogen rapidly disappeared when the pressure was lowered. Behnke 
and Yarbrough (15) found that the saturation time for urine in men breathing 
a He-O, mixture was between 30 and 60 minutes, and desaturation time occupied 
the same interval in the absence of bubble formation. In the latter case, desatura- 
tion was delayed. It would be expected that organs with perfusion rates of a 
comparable order, such as the thyroid and the liver would saturate and desatu- 
rate with equal rapidity. 

Values for blood flow through tissues and organs have been derived from the 
literature (table 5). Classical methods of measuring blood flow were used in 
most instances. However, Jones et al. (90) have calculated blood-thyroid and 
blood-liver perfusion rates from the exchange of radio-iodine and radio-phospho- 
rus, respectively. Tissues with poor blood supply include fat, bone marrow and 
resting muscle; active skeletal muscle, heart muscle and brain have a moderate 
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blood supply and the kidney and thyroid have the richest blood flow. Lying 
outside this general classification are organs like the spleen with an intermittent 
circulation and the liver with its dual circulation. 

Local peculiarities of the circulation may modify figures based on the total 
perfusion rate. Gersh (56) contrasted the intermittency and probably reduced 
rate of flow in splenic sinusoids with the relatively continuous flow in those of the 
liver. Hepatic blood flow has been estimated to be from one-third to one-sev- 
enth of the portal blood flow of the liver (63, 152). In decompression, the slower 
and presumably more saturated portal blood becomes diluted with less saturated 
blood from the hepatic artery, thereby lowering the tension of gas available for 
bubble formation. Organs having blood trapped in sinusoids may on the other 
hand be exposed to sharp pressure differences between the entering arterial blood 











TABLE 5 
Blood flow in tissues and organs 
TISSUE OR ORGAN ANIMAL BLOOD FLOW REFERENCE 
ml/1000g/min. 

Thyroid Man 4000 90 
Mouse 3240 90 

Kidney Man 3000 90 
Man, dog, rabbit 3400, 3300, 3200 148 

Brain Monkey 850 (range: 40 

600-1000) : 
Man 650 (range: 142 
460-1040) 

Heart Dog 500-750 47 
Muscle (dilated) Dog 57-570 124 
(dilated) Dog 110-580 178 

Muscle ; Man 24 (range 5-rest to 90 

° 50-exercised) 

Dog 69 (range 30-130) 61 

Bone marrow Goat 26 24 
Fat Man 12-15 90 














and the trapped sinusoidal blood, sufficient to produce extravascular or intra- 
vascular bubbles. The rapid saturation of all structures of the kidney related 
to the glomerular apparatus may not extend to portions of the renal tissue having 
a different vascular pattern. 

Capillary density and surface. While descriptive accounts of the capillary 
distribution in tissues abound, quantitative studies relating capillary surface 
(S) to unit tissue volume (V) are largely lacking. Values for total and open capil- 
laries of fat tissue were derived (54) from histological studies on injected and 
frozen-dried preparations respectively. The ratio S/V (cm) was computed 
for fat-rich and fat-poor adipose tissue and compared with estimates for muscular 
tissue based on data provided by Krogh (101) (table 6). Open capillaries repre- 
sented from one-half (fat-rich) to one-quarter (fat-poor) of the total capillary area 
of fat; a similar general relationship exists in muscle (147). For other tissues, 
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estimates of S/V by indirect means are probably subject to considerable error. 
Values have been given (147) for the number of red blood corpuscles per cubic 
millimeter of tissue, which may be regarded as a rough measure of the number of 
open capillaries. Accepting the fairly reasonable value of 1000 cm=! as a meas- 
ure of S/V of the capillaries of mouse heart muscle, values for some other tissues 
have been computed (table 7). Fat-rich adipose tissues have available for 
gaseous exchange one quarter or less surface than the most poorly supplied 
muscle, and fat-poor tissues barely equal the poorest muscle. The relative in- 


























TABLE 6 
Capillary surface of tissues in relation to total tissue volume (S/V) 
s/v (cm™) 
TISSUE ANIMAL REVER- 
T l 1} ENCE 
closed capillaries) | Pen caps. 
Fat Fat-rich Rat 51.9 23.5 54 
Fat-poor * | Rat 222.2 64.1 54 
Muscle (a) Rabbit 190-513 42 
(b) Rabbit 150-295 153 
(c) Dog 494 | 101 
(d) Guinea pig 186-507 174 
(e) Mouse 486-923 174 
Cardiac muscle Man 1184 | 175 
TABLE 7 


Relative values of S/V calculated from the number of red blood corpuscles per c.mm. of tissue 
as estimated by Sjéstrand (147) 




















TISSUE ANIMAL NO. CORPS./C. mm, s/v (cm) 

Heart muscie............... Mouse 350 1000 
Brain-cortex Mouse 85 240 
as se Mouse 115 330 
a Mouse 280 800 
Kidney-cortex........... Mouse 300 850 

NS oo wa oid Mouse 500 1400 
aS. ak bwe'hd Mouse 160 460 
ESS ue aie p being Guinea pig 125 360 





adequacy of the capillary bed of fatty tissue is therefore demonstrated quantita- 
tively (54). 

Cerebral cortex and cerebellum compare unfavorably with muscle in respect 
of the capillary bed available for gas transfer. Cobb and Talbot (34) and Cobb 
(33) concluded that even the most vascular parts of the brain were only one- 
fifth as vascular as skeletal muscle. Within the central nervous system itself 
Craigie (35), from measurements of the total length of capillaries in sections of 
the central nervous system of the cat found the poorest part of the grey matter 
to be one and one-half times as richly vascularized as the richest part of the white 
matter. The same was true in the monkey. In the cat Wolff (181) found the 
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following relative vascularities: parietal cortex, 100; lateral geniculate ganglion, 
91; globus pallidus, 58; nerve, 47; and white matter, 43. Thus the white matter 
is something under one-half as richly vascularized as the grey. In addition, 
capillaries in the white matter are said to be larger than those of the grey (33) 
which would make S/V values for the white matter even more unfavorable. 

Occupying a somewhat intermediate position in the S/V scale is skeletal muscle 
which possesses nervous and humoral mechanisms capable of rendering effective 
large portions of the total capillary surface when active, i.e., at those times when 
the conditions for gas bubble formation are apt to approach the critical. - Highest 
in the scale are cardiac muscle, kidney and liver which appear to possess a large 
effective capillary surface for gaseous exchanges that is available at all times. 

PATHOLOGIC CONSEQUENCES OF DECOMPRESSION SICKNESS. Central Nervous 
System. Pressure. Little can be added to the classical description by Heller, 
Mager, and von Schrétter (80) of the neurological aspects of the syndrome of 
decompression sickness. The substance of their detailed description follows: 
After a latent period, symptoms of varying degrees of severity may appear. 
These may be general in scope (syncope, dizziness, aphasia), may include large 
body masses (paraplegia and paralysis of both lower legs, of both arms, of one 
arm and one leg, or both legs and one arm with a persistent spastic paralysis, loss 
of urinary and intestinal sphincter control), may include sensory paresthesias 
and hypo- or analgesia separately, or associated with motor disturbances, or may 
be confined to small motor or sensory units (paralysis of the left lateral rectus 
muscle, a single orbicular muscle, or the hypoglossal muscles on one side, laby- 
rinthine deafness, or atrophy of the left optic papilla). Neural damage due to 
aeroembolism thus varies greatly, is non-specific, and unpredictable: 1, it may be 
extensive, covering large regions, or confined to minute structures; 2, it may be 
largely motor with a sensory component, or the latter may be dissociated; 3, 
it may be confined to areas supplied by cranial nerves or somatic nerves. 

The pathologic changes in the central nervous system following damage by 
aeroembolism have been studied extensively in man and other animals ever 
since 1870. Because of numerous precautions taken to reduce the incidence of 
decompression sickness and because of the success of treatment when such acci- 
dents occur, the most satisfactory pathologic studies date back abcut half a 
century. The most prominent feature is the occurrence of areas of softening in 
the spinal cord. Although they may extend over the greater part of the spinal 
cord (18), they are most commonly limited to the thoracic cord (19, 29). They 
are less frequent in the uppér lumbar segments (80, 184) and are rather infre- 
quent in the cervical region (21, 80, 166, 184). The areas of softening are usually 
small and are more circumscribed in the white than in the gray matter. The small 
necrotic areas may fuse, and result in an apparent general softening in large re- 
gions (80). Necrosis is more common in the white than in the gray columrs 
(80), and in the former, is most frequent in the anterior columns (21). Theas- 
cending degeneration cf nerve tracts anterior to the site of multiple lesions, and 
the descending degeneration posterior to the region have been described by nu- 
merous pathologists (19, 80, 143, 145). 

Heller, Mager and von Schrétter have described the individual lesions most 
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completely. In the necrotic regions of the white matter, the nerve fibers swell, 
degenerate and are completely resorbed. The glial meshes are spread during 
the edema which takes place. Sclerotic areas appear, radiating into the surround- 
ing, less damaged nerve fibers. The cavity enclosed contains cellular detritus 
and myelin droplets, and some phagocytic cells. The cavity then becomes more 
regularly outlined and the walls of the surrounding blood vessels become thicker. 
In the gray matter, the same processes take place, but in the surrounding regions, 
nerve cells in all stages of chromatolysis may occur. The necrotic cavity is not 
as sharply outlined in the gray as in the white matter. 

While hemorrhage may occur, it is infrequent and is definitely less prominent 
than the regions of necrosis described above (18, 19, 80, 171, 184). It may, 
however, be of greater significance when it occurs in the brain (18, 29) or in the 
inner ear (80). 

Gas bubbles have been described in pial vessels of the spinal cord,medulla 
and cerebrum in autopsied men, and in other animals (18, 21, 29, 80, 122, 184). 
As it is difficult to ascertain whether these bubbles were present where described 
at the time of death, the observations of Pudenz (132) and of Wagner (172) are 
of greater significance. The former observed in a monkey the appearance of 
gas bubbles first in pial arteries and then in veins in cinematographs of the cortex 
exposed to view by the use of a lucite calvarium. The latter made essentially 
the same observations in a series of cats whose pial vessels were viewed continu- 
ously before, during, and after decompression through a Forbes window. A 
gas bubble was observed also in the ophthalmic artery of a dog (29). Also 
more reliable than the earlier accounts are the preliminary observations of Gersh, 
who preserved the sites of gas bubbles by the freezing-drying method. Gas 
bubbles were found in the spinal cord of guinea pigs directly after massive aero- 
embolism only in the blood vessels; they were present also in intraneural blood 
vessels of the sciatic nerve. There was no evidence to support the assertion of 
Boycott et al. (21) that gas bubbles occur extravascularly in the central nervous 
system. Finally, minute gas bubbles confined entirely to the myelin sheath were 
present in peripheral nerves of guinea pigs decompressed from high pressure at- 
mospheres of argon-oxygen, air, helium-oxygen, and oxygen (53). 

The general pattern of neurologic symptoms, pathologic changes and the 
distribution of gas bubbles in the central nervous system following decompression 
was outlined by Bert (18). It was confirmed and extended by the magnificent 
work of Heller, Mager and v. Schrétter (80) which the authors have leaned on 
heavily, and by later workers. Gas bubbles form in the circulating blood after 
a short latent period following decompression. Most bubbles are filtered out 
by the lungs; some bubbles, however, pass through the lungs, either by means of 
small arterio-venous anastomoses which may be assumed to exist, or through 
the capillary “lakes” of Sjéstrand (147). These bubbles are small, about 25 
pin diameter. When they pass through the heart and reach the central nervous 
system, they occlude small arterioles of the same order of magnitude (21, 52, 132, 
172). Since the circulation in the central nervous system is largely terminal in 
nature, the venous blood flow and blood pressure in the region is reduced, and 
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gas bubbles appear secondarily in the veins. Another consequence of the ter- 
minal nature of the circulation is that nerve cells and fibers in the affected region 
are suddenly deprived of their major source of nutrients and oxygen. They 
rapidly degenerate in small, focal regions corresponding to the arterioles occluded 
by gas bubbles. The necrotic regions may be separate, or may fuse secondarily 
with adjacent foci to form larger areas of softening. The extreme rapidity with 
which nerve cells are irreversibly injured following occlusion of the circulation 
has been conclusively demonstrated by numerous workers (58, 92, 93, 94, 176, 
180). The unpredictability of the site and extent of the lesion, as well as the 
magnitude of the symptomatology, are thus related to the site of lodgement of 
the gas emboli, which may be isolated or adjacent to others, and to the numbers 
of blood vessels occluded. It cannot be stressed too strongly that there is a 
large element of chance as to whether a given number of gas bubbles causing neural 
damage will result in minor or severe symptoms, depending on the nerve cells 
and fibers affected. The circulation in the gray matter of the spinal cord is 
somewhat anastomotic, and this may account for the fact that necrotic foci occur 
less frequently in this portion of the spinal cord than in the white matter. An- 
other circumstance which protects the gray matter is the fact that the capillary 
density, and presumably the blood flow, is greater than that in the white matter 
(35). 

Hemorrhage is a relatively unimportant factor in neural damage of decompres- 
sion sickness. Although v. Leyden believed that expanding extravascular gas 
bubbles induced hemorrhage by laceration of blood vessels (171), the same result 
may take place due to the occlusion and weakening of small blood vessels. It is 
also possible that vascular congestion ‘somewhat remote from the gas bubble 
and the cessation of the blood flow may result in hemorrhage. This was actually 
observed directly in mesenteric vessels of animals injected with small gas emboli 
(30, 162). 2 

The appearance of minute gas bubbles in the myelin sheath of peripheral nerves 
after decompression is attributable to the large volume of gas in solution in the 
lipid phase of the myelin sheaths. While the lipid content of the brain is only 
5-8 per cent (156), certain parts may be expected to be richer in lipid. It is 
on this account that the earlier English investigators attributed the alleged oc- 
currence of extravascular gas bubbles to the release of the excess lipid-soluble 
gas (21). Apart from the necessity for confirmation, the conclusions may be 
modified as a result of the later work by Campbell and Hill (23), who showed that 
the brain of pressurized animals contains far less gas than expected. This dis- 
crepancy in gas uptake may possibly be explained by further knowledge of blood 
flow and capillary density in the brain. Similar investigations may aid in in- 
terpreting several other problems without a satisfactory solution: the predomi- 
nance of lesions of the spinal cord as compared with the brain, the marked pre- 
dilection for injury of the thoracic cord, and the relative severity of damage to 
the motor systems as compared with the sensory. 

Altitude. Symptoms of damage to the central nervous system following de- 
compression to altitude are rather uncommon, and pathologic changes are even 
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rarer. There is no evidence that lasting changes occur in the cerebral cortex 
(45), in spite of the appearance of irregular EEG waves with a low frequency 
and high voltage during or after decompression to extreme heights (182). No 
residual EEG changes were detected in individuals decompressed to 35,000 feet 
even while they were suffering from the chokes or the bends. In subjects free 
from the effects of generalized shock, some temporary damage to the higher cen- 
ters may occur, for there may be temporary syncope, scotoma, headache (45), 
amnesia, and auditory agnosia (106), motor aphasia, slight facial paralysis, a 
positive Babinski-in one leg, agraphia, and a stuporous condition (22, 59, 136). 
Other temporary effects of decompression to altitude on the central nervous 
system are changes in muscle tone and in the strength of a variety of reflexes, 
and localized sensory losses. The incidence of temporary dysfunction of the 
central nervous system was given as 0.28 per cent, of a large series of exposures 
at 34,000 feet with oxygen (22). Temporary damage of the central nervous 
system may be even rarer than indicated, because of the difficulty of ruling out 
simulated effects caused basically by emotional disturbances. The only re- 
corded instance of uncomplicated permanent damage to the central nervous sys- 
tem was reported by Smith (149) who observed paralysis in the hind limb of a 
dog soon after explosive decompression to 45,000 feet. 

Briefly summarized, it appears that: 1. Neurologic signs of damage to the cen- 
tral nervous system following decompression to altitude are rare, when compared 
with the consequences of aeroembolism from deep diving. This relative infre- 
quency of lesions in the central nervous system must be attributed to the rela- 
tively smaller amount of gas in solution in the body at altitude. 2. With the 
single exception noted above, neural damage is temporary. This may be at- 
tributed to the reduced volume of gas present in the body at altitude and to the 
differential between gas bubbles assumed to exist in relation to the affected re- 
gions and the high oxygen content of inspired gases. This procedure of reducing 
the effects of aeroembolism has been recommended for caisson workers ever since 
the time of Paul Bert, and is in common practice at the present time (11). 3. 
The neural symptoms are non-specific. As in the case of diving, this property 
may be attributed to the factor of chance of where a given gas-bubble freely 
circulating in the blood will finally lodge, occlude the local circulation and 
cause temporary dysfunction. 

Further complicating the picture is the possibility that gas bubbles may lodge 
in intraneural blood vessels, and thus cause local neural (at least temporary) 
damage. Gas bubbles were observed in such sites in a study of acute, fatal 
aeroembolism in rabbits (51). An exhaustive search for gas bubbles in rabbits 
decompressed to altitude was made by Trowell (160). His failure to find these 
may be due to the inadequacy of the method of fixation employed. 

Lung. Pressure. Asa consequence of aeroembolism gas bubbles may occur 
in the pulmonary artery and its branches and in the chambers of the right side 
of the heart in sufficient numbers to cause death through occlusion of the circula- 
tion and asphyxia. In order to achieve asphyxia, it is necessary for enough blood 
vessels to be occluded to reduce the pulmonary arterial blood flow by 52-66 per 
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cent (64). In addition there may be pulmonary hemorrhage, edema, emphysema, 
and atelectasis (18, 21, 46, 80, 82). Except for minor details, the mechanisms 
of injury were developed by the early workers in the field. Gas bubbles arising 
in venous channels pass through the right auricle and ventricle to the pulmonary 
artery. The emboli occlude larger and smaller branches, but, contrary to earlier 
assertions by others, never reach the capillary bed; they are sometimes present 
in bronchiolar vessels (51, 56). The smallest vessels occluded were 40 uw in 
diameter. ‘This corresponds with the direct observations of Chase (30) on the 
mesenteric vessels of living animals that gas bubbles introduced into the arterial 
circulation never penetrate beyond arterioles of a similar diameter. The oc- 
clusion of. arterioles of similar dimensions was reported in other sites also by 
Curtillet (36) and by Tureen and Devine (162). The occluded blood vessels 
may be markedly stretched at the site of the gas bubble, as well as centrally. 
It should be noted in passing that the lung differs from all other organs in that 
gas bubbles in this structure represent emboli, with no significant contribution of 
local origin. While nearly all gas emboli are retained in the lung, it has been 
believed from the earliest writers (18) that some pass through the organ to be 
distributed as arterial emboli by routes which are largely hypothetical: 1, intra- 
pulmonic arterio-venous anastomoses (36), and 2, the blood “‘lakes’’ described by 
Sjéstrand (147). 

The relation of experimentally induced gas emboli in animals to aeroembolism 
appears to have been most extensively investigated by Heller, Mager and v. 
Schrétter (80). They found that the distribution of gas bubbles in both instan- 
ces was strikingly similar. In the case of air introduced intravenously, the final 
distribution depended on the volume of gas injected, the rate of injection and 
the size of the gas bubbles. 

Pulmonary hemorrhage, edema and emphysema have been shown to follow 
pulmonary embolization by solids (41, 165). Hemorrhage and emphysema have 
been attributed also to the violent rupture of alveolar walls (82). Pulmonary 
atelectasis as a result of decompression was first described by Bert, who attri- 
buted it to possible rupture of a vesicle at the time of decompression, thus permit- 
ting access of air under pressure to the pleural space. Other possible mechanisms 
are: 1, overinflation of the lung while inflating the Eustachian tube during com- 
pression ; 2, expansion of air in alveoli and rupture of their walls, as a consequence 
of holding the breath (26); 3, escape of gas under pressure from alveoli to inter- 
stitial tissue, along the vascular sheaths to the hilus of the lung, pneumo-medi- 
astinum, and pneumothorax (107, 108); and 4, rupture of a few alveoli into the 
retropleural connective tissue in the manner of a one-way valve, escape of this 
gas retropleurally to the hilus, pneumomediastinum, and pneumothorax (55). 
The mechanisms enumerated are applicable not only to the rare instances ob- 
served after decompression (4, 130, 131), but also to other equally rare situations: 
spontaneously (67, 120), in severe straining activity (111) and in cases of ob- 
structed air passages, such as accompany diphtheritic laryngitis (39), following 
pertussis or other infections (31, 96, 111). 

Altitude. Hoppe-Seyler in 1857 (84) attributed death to occlusion of pulmo- 
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nary capillaries by gas bubbles. The few other observations on this phenomenon 
were contradictory. They showed that rather few bubbles appeared in branches 
of the pulmonary artery, while only one bronchiolar vessel was found to be 
filled with gas in the series of six rabbits studied. The small number of pulmo- 
nary bubbles as compared with those in animals decompressed from pressure is 
explainable by the smaller quantity of gas in the body of animals decompressed 
to altitude. The same observation has been cited also as one of several reasons 
for the belief that-animals decompressed to altitude tend to die of embolism of 
the central nervous system, rather than of pulmonary asphyxia, a condition 
opposite to that believed to obtain in animals decompressed from high pressure 
atmospheres (27, 56). 

Pulmonary hemorrhage occurred irregularly in rabbits decompressed to alti- 
tude (27). Smith (149), and Berg, Baumberger, et al. (16), found that it follows 
more regularly after explosive decompression of experimental animals, espe- 
cially, as the latter found, when decompression took place during inspiration or 
the last two-thirds of expiration. Only two instances of mediastinal emphysema 
have been reported in men after explosive decompression (112). Pneumo- 
thorax, retroperitoneal emphysema, and pulmonary atelectasis also occurred in 
rabbits, especially after slow decompressions. The administration of nembutal 
or of carbon-dioxide mixtures predisposed to pneumothorax, while preoxygenation 
or the administration of ammonium chloride, lactic acid, or sodium bicarbonate 
did not affect the incidence of atelectasis (28). The mechanism has not been 
investigated. 

The observations on rabbits confirmed in part earlier reports by a group of 
British investigators who described the occurrence of atelectasis, vascular 
congestion, and pneumothorax in rabbits, rats, and guinea pigs decompressed to 
altitude (49, 50, 77, 78, 79, 159). They showed that these changes were related 
to the final altitude, and were unaffected by the degree of anoxia or by the CO, 
content of the blood. In unpublished experiments, the writers found that atelec- 
tasis was more common in young than in older animals. 

Blood vessels. Ever since 1857 (Hoppe-Seyler (84)) it has been known that 
bubbles are more commonly (sometimes exclusively) present in the large veins 
following decompression from high pressure atmospheres, or to altitude. This 
was attributed by Bert to the fact that venous pressure is lower than that in 
arteries. Harvey et al. (72) added another factor, namely, the higher CO, 
tension of venous blood, facilitating the growth of gas bubbles. Arterial gas 
bubbles, when present, were attributed by Bert to passage of some gas bubbles 
through the lung into the left side of the heart and their distribution as emboli. 
Under extreme conditions, where the effect of blood pressure becomes overshad- 
owed by other factors, one would expect gas bubbles to arise in arteries in the 
same manner as in veins. The distribution of gas bubbles is in fact similar to 
that which has been described repeatedly after the rapid intravenous injection of 
large volumes of air. Smaller volumes of air (or air injected at a slow rate) pro- 
duce bubbles that are confined largely or almost entirely to the venous system. 
After decompression from high pressure atmospheres, gas is sometimes present 
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in the capillary bed of several tissues (52), but this seldom occurs, and then in fat 
tissue only, after decompression to altitude (51). The difference must be at- 
tributed to the vastly greater amount of gas in the tissues in the first condition. 

Recently it has been noted by direct observations of living animals that an 
arteriolar and capillary constriction may occur at altitude. This has been ob- 
served to take place in man, rats and frogs (99, 104, 121), though not in cats 
(125). Reed and Blinks (138) found that vasoconstriction was not related to 
bubble formation. ‘They also found that it could be abolished by nerve section 
and by exercise. It was correlated in man with the prolonged refilling time of 
the finger nail bed and of the arm vein (99), and with reduced skin tamperature 
(157). This group found evidence that the latter phenomenon is related to sus- 
ceptibility to bends. 

Knisely (99) failed to see evidence of intravascular sludge in men exposed to 
altitude, although he did describe vasoconstriction. On the other hand Patek, 
who failed to note any change in the caliber of blood vessels in cats, observed 
sludging (125). This may have been due to the anoxic condition of the animals. 

Sludging was observed directly in the pial vessels of living animals injected 
intravenously with air or decompressed from high pressure atmospheres. It 
occurred after vascular occlusion by gas bubbles, presumably as a consequence of 
reduced circulation and anoxia (170, 172). End (44) regarded agglutination of 
red blood corpuscles as the causative factor of decompression sickness, and gas 
bubbles as a secondary event. Swindle et al. (154) attributed disturbed function 
of decompression sickness to the occurrence of fragile, non-gaseous plasma floc- 
culates. Jacobs and Stewart (88) investigated these possibilities by studying 
rat blood exposed to high pressure atmospheres and then decompressed. They 
found no clear evidence of any change in sedimentation rate, tendency to roul- 
eaux formation or in the aggregates of rouleaux. They failed to observe true 
agglutination of red blood cells, but did describe a tendency for blood platelets 
to form aggregates about small gas bubbles and to appear free in this form later. 
Such platelet aggregates could conceivably lead to occlusion of small vessels in 
certain regions of the body. Gersh and his co-workers paid particular attention 
to the possible occurrence of all of these phenomena and failed to detect them in 
animals decompressed from high pressure atmospheres or to altitude. As the 
method employed (fixation by freezing and drying) could be confidently expected 
to preserve such flocculates and aggregates, the failure to find them returns the 
causation of decompression sickness to the conventional realm of gas bubbles. 

Fat Tissue. Pressure. Experience in diving or caisson operations is that ac- 
cidents occur more commonly in fat workers than in lean. Heller, Mager and v. 
Schrétter (80) reported that animals rich in fat in the subcutaneous tissues, 
mesentery and pericardium are more prone to show abnormalities than lean ani- 
mals. This was tested for the first time by Boycott and Damant (20), when they 
found that the time of survival of rats and guinea pigs after decompression froma 
stated pressure was related to their total fat content. This was confirmed in 
another way by observing the highest pressure which guinea pigs could survive 
when decompressed rapidly, and relating it to their total fat content. For ex- 
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ample, fat guinea pigs (average fat content 31.9 per cent) survive decompression 
from a pressure of 45 lbs/sq. in., but die when brought up from 60 lbs/sq. in.; 
on the other hand, lean guinea pigs (average fat content 8.2 per cent) usually 
survive decompression from an atmosphere at 90 lbs/sq. in. but die when brought 
up from 105 lbs/sq. in. (52). Using another criterion (i.e., the time of appearance 
of the first gas bubble), the tendency for bubble formation in resting cats was 
also found to be related to the fat content of the animal when it was decompressed 
from moderately increased pressures. But in active animals, or at greater pres- 
sures, this relationship was masked by other factors (70). 

Fat tissue containing numerous gas bubbles appears foamy, like whisked white 
of egg (82). The bubbles may be intravascular as well as extravascular (20). 
As a consequence, in surviving animals, large masses of necrotic fat may be pres- 
ent, especially below the kidneys. In late stages, the necrotic regions are sur- 
rounded by a zone of giant-cells, with some of the fat converted to calcium soap 
(21). In guinea pigs, minute gas bubbles may occur in the intracellular fat in- 
clusions of fat cells. In somewhat more severely affected animals, macroscopic 
bubbles which are extravascular and extracellular may occur. Intravascular 
gas bubbles may be present in fat tissue in the absence of the aforementioned 
bubbles. Hemorrhage and vascular distention are associated frequently with the 
occurrence of extravascular gas, especially in fat animals (52). Thus, it may be 
assumed that, when purpuric subcutaneous spots appear in divers, gas bubbles 
have occluded some blood vessels and vascular congestion and hemorrhage have 
taken place. 

The genesis of gas bubbles in fat tissue may be reconstructed in sormhe such 
manner as follows: Fat cells dissolve excess amounts of gas, especially nitrogen, 
during pressurization. During and after decompression, many fat cells enlarge 
due to the appearance in the fat inclusions of minute intracellular bubbles. 
Meanwhile dissolved gas passes from the fat inclusions to the tissue fluid and the 
circulating blood. Depending on a number of factors, gas continues in solution 
or forms visible circylating bubbles. When these exceed the diameter of the 
blood vessels, they occlude the circulation. Meanwhile, in some regions, the 
cells increase in volume more markedly due to the increased number of intra- 
cellular gas bubbles. These distended cells then rupture and discharge their 
contents into an irregularly outlined intercellular (extravascular) bubble which 
contains cellular debris, fat, and gas under pressure. About this time, some 
blood vessels occluded by gas bubbles are distended with blood, and others may 
rupture. 

This hypothetical reconstruction of the events leading to the formation of gas 
bubbles in fat tissue is supported by evidence along at least three lines that cer- 
tain physical factors are involved. These are as follows: 1. The increased solu- 
bility of gases in fat as compared with tissue fluid (see p. 368). Biological evi- 
dence may be cited. The occurrence of gas bubbles in fat tissue and their number 
are directly related to its lipid content. Extravascular gas bubbles occur only 
in lipid rich structures (fat tissue, adrenal cortex, myelin sheaths of peripheral 
nerves) (52). Finally, gases which are especially soluble in lipid (such as argon), 
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are much more effective in producing gas bubbles in these structures, while gases 





which have a low index of solubility are relatively ineffective (53). 2. The 


water 
increased amount of gas in solution in fat is directly related to the number of 
gas bubbles formed in fat tissue. This was illustrated by the greater severity 
of the effects of decompression when animals are pressurized at higher pressures. 
It was also shown by a comparison of the effects of argon-oxygen, and nitrogen- 
oxygen mixtures. Although the relative solubilities in lipid and tissue fluid of 
argon and nitrogen are nearly identical, the amount of the former in solution is 
over twice as great. The number of gas bubbles appearing in fat tissue is far 
greater when argon is used than when nitrogen is used. In both examples, varia- 
tions in the number of gas bubbles occur although the size of the gas bubbles 
remains the same. The size of the gas bubbles is probably referable to some tissue 
property such as elasticity. 3. The poor capillary density of fat tissue is an 
important factor predisposing to bubble formation, since excess gas cannot be 
removed rapidly enough to avoid high A P values in the tissue (see p. 362). 

Altitude. Incontrast with the serious consequences of excess body fat for divers, 
fat is not of great significance in bubble formation on decompression to altitude. 
Harvey et al. (70) and Catchpole and Gersh (27) failed to find any correlation be- 
tween the fat content of animals decompressed to altitude and the time of first 
appearance of intravascular gas bubbles, the severity of the symptoms, or the 
time of survival. 

Extravascular gas bubbles do not occur. Gas bubbles have been observed in 
veins draining fat depots but less commonly than in blood vessels draining 
muscles (70). They were found to be somewhat more numerous in fat tissue 
than in others by Gersh and Catchpole (51). Fat is the only tissue where gas 
bubbles were present in the capillary bed. 

Muscle. Pressure. Little emphasis is placed in the literature on muscular 
lesions following decompression except as a consequence of neurological damage, 
or in the case of regional infarct (169). Only in recent years has muscle acquired 
great significance in theories on the origin of gas bubbles. Bert (18) found bub- 
bles to be present only in intermuscular fascia, and Boycott et al. (21) were un- 
able to see gas bubbles in skeletal muscle. Harvey et al. (70) found that in 
anesthetized cats bubbles do not appear in veins draining largely muscular regions, 
although they are present in vessels from fat depots. On the other hand, in 
stimulated animals, bubbles arise only from large muscle masses. Both the 
Princeton and the California groups agree that violent activity increases the 
number of bubbles (70, 177). In normal, decompressed guinea pigs, gas bubbles 
were present in muscle in arteries, capillaries, and veins of all dimensions, but 
they were fewer in number than in blood vessels of fat depots (52). Under the 
same conditions, an equally small number of blood vessels were occluded after 
decompression from a helium-oxygen mixture, a larger number were observed 
after argon, and none were observed after oxygen. 

Muscle is regarded as an important site of bubble formation, the gas phase 
appearing in regions of mechanical tension, whether this is induced by passive 








382 H. R. CATCHPOLE AND ISIDORE GERSH 


movement, stretching, injury or stimulation. This is attributed to the decreased 
FP obtaining near tendon attachments due to the local stresses (68, 110). It 
should be stated that in guinea pigs, although blood vessels near the knee joint 
were not noted for their density of gas bubbles, those accompanying the long 
tendons near the ankle joint displayed gas bubbles prominently (56). Also im- 
portant are the increased volumes of gas in solution as a result of compression. 
The increased gas content appears to overshadow the facilitating action of car- 
bon dioxide. 

Altitude. In anesthetized, decompressed animals, relatively few gas bubbles 
appear, and these seem to originate in fat depots. In stimulated limbs, however, 
the numerous bubbles appear to arise primarily from muscle (27, 28, 69, 110). 
By direct visualization, no bubbles were found in muscles of decompressed rats, 
although they were present at autopsy in the vena cava and other large veins 
(104). Arterioles were observed to be constricted. On the other hand, small 
numbers of bubbles were described in decompressed rabbits in blood vessels of 
larger-than-capillary dimensions. The factors responsible for bubble formation 
are primarily: 1, local production of CO, in regions of muscular activity, so that 
gas nuclei or minute bubbles in regions of high CO,-tension tend to expand rap- 
idly; 2, mechanical tension induced by passive movement, stretching, injury 
or electrical stimulation, which results in regions of low pressure in the neighbor- 
hood of insertions (70, 72, 110, 177, 179). 

Bone Marrow, Bone, Periosteum, Joints. Bone marrow. The occurrence of 
gas bubbles in bone marrow has been described only in acute preparations of 
guinea pigs decompressed from -compressed air (56). It was rather unexpected 
to find that in yellow marrow which was equivalent to lipid-rich fat, intravascu- 
lar bubbles were exceedingly rare and extravascular bubbles were absent while 
the fat of the same animals was filled with numerous bubbles in both sites. Only 
under more severe conditions of pressurization did extravascular gas bubbles 
appear, together with a larger number in arteries, sinusoids, and veins. The 
extravascular gas bubbles were frequently larger than in fat, more irregular, and 
with a tendency to be concentrated near bony spicules. Sometimes, they seemed 
to dissect the endosteum from the marrow tissue. Arterial occlusion by gas is 
probably the result of embolism. Venous and sinusoidal gas bubbles probably 
arise locally in the bone marrow due to the slow circulation (24), the increased 
amount of nitrogen stored in the inclusions of the fat cells, and the low blood 
pressure in the blood channels. The extravascular distorting bubbles probably 
arise in a manner similar to that described for fat tissue. Both the large size 
of the extravascular bubbles and their irregular distribution may be due to 
the intermittent flow of blood through some sinusoids. This would result in a 
high uptake of excess gas in some regions and a large ¢ locally, with bubble forma- 
tion, and in other regions, low uptake of gas and no bubble formation. The 
tendency for more bubbles to occur in relation to bony spicules and to dissect 
the endosteum may be related to the finding that some crystals tend to favor 
the origin of gas bubbles from gas nuclei (126). It should be emphasized again 
that gas bubbles in bone marrow are relatively scarce, and then even so they 
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occur only in extreme conditions. This is probably due to the retarded rate of 
saturation of bone marrow with excess gas and the reduced circulation. 

Bone and periosteum. Pressure. Bone necrosis as a result of decompression 
sickness was first noted in 1888 (163). The literature on the subject has been 
thoroughly reviewed by Kahlstrom, Burton and Phemister (95). Additional 
information has been supplied by Phemister (127), Coley and Moore (32), and 
Rendich and Harrington (139). The most detailed microscopic study was made 
by Kahlstrom et al. They found that when necrotic bone was situated in the 
epiphysis and bordered on joints, there were varying degrees of collapse of the 
weight-bearing portions, and invasion of the necrotic regions with new bone or 
calcification. The overlying articular cartilaginous surfaces were replaced by 
fibro-cartilage, resulting in arthritis deformans. When the necrotic bone was 
located in the diaphysis, or in the epiphysis removed from articular surfaces, 
replacement by new bone or calcification also took place, but collapse and defor- 
mation did not occur. Since these observations were made several years after 
the original trauma, the mechanism could not be determined exactly. They 
postulated two general methods by which gas bubbles could cause bone atrophy: 
1, gas bubbles form in bone marrow and interrupt the circulation of bone, and 2, 
gas emboli in numbers of smaller branches of the nutrient artery occlude the 
osseous circulation. Both mechanisms were demonstrated in work on decom- 
pressed guinea pigs. In some instances, gas-filled Haversian vessels were ob- 
served (56). It should be pointed out that bone changes in caisson workers and 
divers are relatively uncommon, probably for the same reasons that were given to 
account for the scarcity of gas bubbles in bone marrow. Gas bubbles are even 
scarcer in the periosteum, where, only rarely, gas distended small blood vessels 
were seen (56). 

Altitude. Only one systematic effort has been made to detect bone damage in 
men decompressed to altitude. No radiographic evidence of such effects was 
found in a rather large number of subjects with 5-100 hours’ exposure at 35,000 
feet or higher. Follow-up x-rays several years later were recommended (135). 
The probability is that bone damage will be exceptional, for the same reasons that 
neural damage in aviators is scarcer than in divers (see p. 375). Another solitary 
report on the appearance of periosteum in living animals failed to disclose any 
evidence of bubbles in this site (125). However, the altitude at which the ani- 
mals were studied, and the rate of decompression may have been unfavorable. 

Joints and periarticular structures. Pressure. Experimental studies utilized 
morphological methods for the demonstration of gas bubbles or their effects, and 
x-rays to locate gas bubbles photographically. In guinea pigs decompressed 
from high pressure atmospheres, gas bubbles may be present in the joint fat. 
But even when they are absent, blood vessels in the region, especially those adja- 
cent to the long tendons are frequently occluded and distended by gas bubbles 
(56). With x-rays, only the larger blood vessels which were completely filled 
with gas, were recognizable. Bubbles in fat or connective tissue were indistin- 
guishable, or when they were very numerous, were recognizable almost always 
as a general x-ray shadow. In only one instance, in which shadows suggestive of 
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bubbles were found, only a minute fraction of all the bubbles were recognizable 
as such, because of the small size of the bubbles, poor resolution and overlay (57). 

Altitude. The only morphological studies reported were on the joints of living 
animals. The failure to find gas bubbles in the periarticular tissues may have 
been due, however, to experimental conditions (125). Webb and co-workers 
(174) attempted to correlate gas in tissues of the knee with pain, and found that 
pain is unrelated to gas in the joint space or in the suprapatellar bursa. Better 
statistical relationships of pain were found with x-ray photographs correlating, 
in decreasing order of success, with 1, streaks in tissues posterior to the joint cap- 
sule; 2, gas bubbles immediately posterior to the joint space, and 3, gas bubbles in 
the infrapatellar space. The streaks appeared to be extravascular collections of 
gas in the intermuscular fascial planes of the posterior tissues of the leg. The 
gas seemed to be disposed as a collection of minute bubbles and to have no 
relation to the larger blood vessels or nerves of the region. Similar findings were 
reported by Thomas and Williams (155), who pointed out that “streaking” may 
occur in the absence of pain, and that there was no characteristic x-ray picture 
with which pain is correlated. Lund et al. (105, 106) came to the same conclu- 
sion in their study on the origin of pain in bends, and expressed the belief that the 
demonstration of gas by radiographic measures alone can be expected to help very 
little in supporting theories on the intimate origin of pain. A similar attitude 
was expressed by Gersh (57), who pointed out the difficulties in interpreting x-ray 
photographs of gas bubbles in terms of finer anatomical structures. 

Adrenal Gland. Pressure. Gas bubbles have been detected in all layers of 
the adrenal cortex, as well as in the medulla. In addition, they have been ob- 
served in the capsular arteries, in the medullary veins and its tributaries, and 
occasionally in the reticular sinusoids. In all layers of the cortex, but most fre- 
quently in the fascicular zone, gas bubbles are present also extravascularly. 
Three major pathological consequences are 1, the occurrence of hemorrhages in 
the vicinity of the gas bubbles; 2, rupture of cortical cells in the region, and 3, 
vascular congestion in the sinusoids peripheral to the gas bubbles, with cessation 
or reduction of blood flow (52). 

Two main factors are important in the origin of gas bubbles in the adrenal 
gland: the high content of lipid and certain peculiarities of the vascular pattern. 
The following sequence of events may be reconstructed: Gas bubbles begin as 
small occluding emboli in capsular arterioles and as clusters in the sinusoids of 
the reticular zone after the blood has passed through the fat- (and nitrogen) rich 
fascicular zone. ‘These may grow and further occlude the circulation in the cor- 
tex. These areas of reduced cortical blood flow are small, and surrounding re- 
gions may have a normal circulation. With the two regions having different gas 
tensions, the gas bubbles continue to grow in the former region, and destroy the 
cortical organization, particularly in the fascicular zone, where the fat and 
dissolved gas is richest. The general disruption of structure is accompanied by 
hemorrhage, and also by a further sinusoidal congestion. Meanwhile, in the 
adjacent unaffected region, gas in solution is removed by the circulation either 
in solution or as minute bubbles which do not clog the sinusoids. Gas bubbles 

















DECOMPRESSION SICKNESS 385 


arising in this manner may, in the capacious venous channels of the medulla, 
where the blood pressure may be smaller, expand to form large intravascular gas 
bubbles which may seriously interfere with the circulation throughout the gland. 

Although gas bubbles appear in the adrenal gland of decompressed guinea pigs, 
it should be emphasized that they form somewhat less readily than in fat tissue. 
It is difficult to evaluate the clinical significance of the pathological findings. 
The temporary withdrawal of functioning cortical tissue may be related to the 
sense of exhaustion which divers frequently report after immersion. 

Altitude. Gas bubbles were observed only in capsular arterioles and in some 
of the large venous medullary channels in rabbits; none were found in sinusoids 
or extravascularly (51). 

Kidney. Pressure. Destruction of renal tubules of the cat was prominently 
figured by Boycott, Damant and Haldane (21). The proximal convoluted 
tubules of the cat are virtually unique because they are exceedingly rich in lipid, 
and it is unlikely that similar effects will occur in the kidney of other animals. In 
support of this assertion is the rapidity of the blood flow, and the brief desatura- 
tion time of renal tissue (see p. 370). 

Altitude. Gas bubbles were present only in renal blood vessels of large caliber 
in rabbits decompressed rapidly (51). 

Liver. Pressure. Boycott, Damant and Haldane (21) found numerous bub- 
bles issuing as a froth from the cut surface of the liver of decompressed animals. 
These were believed to be confined to blood vessels. With methods less subject 
to artefact, very few microscopic gas bubbles were seen infrequently and only in 
central veins (52). Gas bubbles were common after decompression from a high 
pressure atmosphere of argon-oxygen (when some bubbles were observed in sinu- 
soids), were rare after helium-oxygen mixtures, and were absent after oxygen (53). 

A peculiar finding was the appearance of watery vacuoles in the cytoplasm of 
liver cells. The spherical vacuoles displace and distort the nucleus, and contain 
no fat stainable with Sudan III. They were present in liver cells not only after 
decompression from compressed air, but also from atmospheres of argon-oxygen, 
helium-oxygen, and oxygen. Their significance is unknown (52, 53). 

The scarcity of bubbles in the liver may be explained by the work of Campbell 
and Hill (25) who found that liver has a rather slow half-saturation time. This 
may be due to the fact that most of the hepatic blood has already passed through 
a capillary bed and given up most of the excess gas. In addition to the reduction 
of the gas volume in the liver due to this factor, the nature of the arterial supply 
may contribute to the total picture during and after decompression. The less 
saturated arterial blood emptying into the sinusoids would tend to reduce the gas 
tension of blood in them and in the central vein and thus reduce the tendency for 
bubble formation. 

Altitude. In decompressed rabbits, microscopic bubbles were observed very 
seldom, in the central vein and in the branches of the portal vein. The intracel- 
lular vacuoles observed in animals decompressed from high pressure atmospheres 
did not appear. They have, however, been described in men who died of the 
effects of exposure to altitude and in animals subjected to sudden reduction in 
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atmospheric pressure (103, 158). Ladewig gave good evidence to indicate that 
they may be related to low oxygen tension and anoxia rather than the effects of 
decompression. On the other hand, it is difficult to see how anoxia would play 
a réle in the appearance of the vacuoles of guinea pigs decompressed rapidly 
enough from high pressure atmospheres to result in death in one to three minutes. 

Spleen. Pressure. Gas bubbles occur in splenic sinusoids, arteries, and veins, 
in decreasing order of frequency, of guinea pigs decompressed rapidly from high 
air pressures (56): The sinusoidal bubbles are probably related to the intermit- 
tency of blood flow and possibly the reduced rate of blood flow in this structure. 
Both factors may result locally in regions of high gas tension (in closed sinusoids 
or in those with sluggish circulation) adjacent to regions of low gas tension (in 
narrow sinusoids with rapid circulation). If the volume of gas in the adjacent 
tissue is large enough, the gas bubbles grow and cause large, tearing defects to 
appear. The arterial bubbles are probably the result of gas emboli. The venous 
bubbles probably originate in situ because of the increased gas tension and de- 
creased blood pressure. 

Altitude. Fewer gas bubbles were present in the sinusoids of rabbits decom- 
pressed to altitude; they were present also in arteries and veins. In two rabbits, 
large, subcapsular, tearing bubbles were visible (51). The factors responsible 
for their appearance are probably the same as those described above. 

Site of Origin of the Bends and the Chokes. Although much has been written 
on the subject, the literature dealing with unequivocal, direct evidence is distress- 
ingly scanty. If one makes the logical assumption that the pain of the bends and 
the chokes is due to gas bubbles, then from the point of view of the pathologist, 
those regions which are prone to bubble formation in man or other animals under 
less extreme conditions of decompression acquire the greatest significance as 
possible sites of the origin of pain. Whether pain results from distortion of nerve 
endings or nerve fibers by intra- or extravascular gas bubbles, or from local 
ischemia arising from reduced or occluded circulation is unknown. Gas bubbles 
have been described in muscle, intermuscular fascia, fat tissue, nerves, bone 
marrow, periosteum, and in fascial tissues adjacent to joints or to the long ten- 
dons. Except for fat tissue (where intracellular bubbles may occur in thecyto- 
plasmic fat inclusion and also extravascularly) and for the myelin sheath of nerve 
fibers, no other extravascular gas bubbles have been noted in organs of locomo- 
tion. Even in these sites, gas bubbles may be seen in blood vessels in animals 
decompressed from high pressure atmospheres before they appear extravascu- 
larly; in animals decompressed to altitude, only intravascular bubbles occur. In 
all other regions, gas bubbles are confined entirely to the blood vessels. Thus, 
granting the primary assumption, the conclusion seems inescapable that the site 
of origin of gas bubbles is primarily vascular, though it cannot be denied that the 
extravascular gas bubbles may in addition cause pain by distortion. The evi- 
dence is cited in previous sections for the conclusion that the blood vessels most 
likely to be involved in the causation of the bends are those in the vicinity of the 
joints or tendons near their origin or insertion. However, others located in 
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nerves, muscles, or fasciae (including periosteum) may also be additional sites 
where pain may originate. A similar analysis of the anatomic basis of the pain 
of the chokes leads to the conclusion that the most likely sites of origin are the 
branches of the pulmonary arteries. 

The conclusions derived above must be modified to a certain extent in the light 
of evidence showing that vascular occlusion by a gas bubble is accompanied by 
vascular congestion (30). If pain arises from vascular distention, then the same 
blood vessel or branches thereof somewhat removed from the gas bubble may be 
stretched to nearly the same extent. If pain arises from ischemia, then any point 
in the anoxic region may result in stimulation of the proper nerve endings or 
fibers. 

Effects of Exercise and Drugs on Aeroembolism. Pressure. ‘The conflicting 
claims of the effects of exercise on divers may be resolved by a critical analysis of 
studies by Harris et al. (68) and by Harvey et al. (70). The first group found 
that the minimal pressure which results in the liberation of bubbles after decom- 
pression is markedly lowered as a result of exercise. It may be assumed that as 
the pressure is increased greatly over this minimum value, the amount of gas 
present in the body outweighs in importance the decreased P which accompanies 
muscular activity. The result of this is that it would be difficult in practice to 
show that there is any relationship between exercise and amount of gas bubbles 
formed on decompression from higher pressures. 

The effects of exercise were illustrated in another way by the use of anesthetics. 
Anesthetized animals, probably as a result of decreased muscular tone, had a 
much higher minimum effective pressure. Harvey and his colleagues (70) made 
similar observations, and found that a clear relationship between exercise and 
bubble formation existed on decompression from lower pressures, but that this is 
masked after higher pressures. From these results it is possible to understand 
that in divers, where the time under pressure, the pressure, and the rate of decom- 
pression are not often duplicated in experiments, some workers may claim that 
exercise is harmful, ineffective, or even beneficial in preventing or ameliorating 
the bends. Harris et al. (68) also reported that the use of anesthetics reduced 
bubble formation markedly, probably as a result of decreased muscular tone. 

Oxygen administration is used effectively for the prevention and treatment of 
the more serious effects of aeroembolism in divers (5, 11, 89). This is confirmed 
by experiments on guinea pigs, in which far fewer gas bubbles in all sites were 
noted after decompression from oxygen as compared with nitrogen (53). This is 
difficult to understand, as the solubility properties of both gases are very nearly 
identical. Certain phases of decreased aeroembolism may be explained by as- 
suming that oxygen of gas emboli is used metabolically, thus, in effect, reducing 
t at the site of bubble formation. 

Altitude. The accelerating effects of exercise on bubble formation in animals 
at altitude have already been described. They correspond with the well-known 
increased severity of symptoms induced in men decompressed to altitude under 
controlled conditions. The increased tendency to bubble formation is attributed 
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to decreased P in the region of tendon attachments, and increased local ¢ values 
due to excessive accumulation of CO, 

Preoxygenation is effective in delaying the onset of symptoms of aeroembolism 
in men, and in protecting animals against bubble formation (see p. 369). This 
effect is achieved presumably by substituting a metabolizable gas (reducing f) 
for nitrogen, which is largely eliminated during the period of preoxygenation. 

The administration of ammonium chloride and lactic acid was also found to 
reduce the tendency to bubble formation in decompressed rabbits (28). In man 
(2, 3, 113) ammonium chloride increases tolerance to anoxia and improves subjec- 
tive symptoms. The underlying mechanism in the latter studies appear to be a 
shift in the blood pH towards the acid side and correction of the alkalosis caused 
by hyperventilation and loss of CO. To the extent to which CO, contributes to 
the initiation of bubble formation at altitude, a lowering of the arterial CO, 
tension would be expected to hinder bubble formation. The administration of 
moderate concentrations of CO, or of sodium bicarbonate did not have a notice- 
able effect on bubble formation (28, 110,177). Accordingly, it was not surprising 
that in men exposed for two hours at a simulated altitude of 38,000 feet, the 
symptoms were of the same order whether the subject breathed pure oxygen or 
oxygen diluted by CO, (60). 

There has been no uniform interpretation of the results of administering 
vasodilator drugs. Aminophyllin has been claimed to alleviate, or to reduce the 
severity of the bends (180); on the other hand, it had no effect on bubble forma- 
tion in animals (138). A favorable effect of d-amphetamine in reducing the 
incidence of incapacitating bends has been both proposed (87) and denied 
(141). 


SUMMARY 


The evidence is overwhelming that gas bubbles are the primary pathogenetic 
agent in eliciting the pathologic effects of decompression sickness. Whether they 
occur after decompression from high pressure atmospheres or to altitude, gas 
bubbles are chiefly intravascular, and they are held to be responsible for nearly 
all important phases of the syndrome of decompression sickness. Extravascular 
gas bubbles occur also under certain severe instances of decompression from high 
pressure atmospheres, but they are restricted to certain lipid-rich structures. 
The pathological effects may be vastly greater after decompression from high 
pressure atmospheres than to altitude. These are described in detail for the 
various tissues and organs of the body. An attempt has been made to relate 
earlier and recent findings to each other, and to the causative factors. Basic to 
an understanding of the mechanisms involved in the syndrome is a consideration 
of the physical factors responsible for the uptake and elimination of excess gas in 
the body. The following physical factors were subjected to analysis: intrinsic 
factors such as blood pressure, blood flow, tissue permeability, tissue activity, 
the chemical composition of tissues and the solubility of gases in body compo- 
nents, and extrinsic factors such as the type, rate and extent of decompression 


applied. 
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THE GENESIS OF THE ELECTROCARDIOGRAM 


LOUIS N. KATZ 
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A review of the significance of the electrocardiogram may present an extensive 
noncommittal report of a voluminous literature or a summary of the author’s 
viewpoint based on a fair evaluation of the pertinent studies of others and on his 
own experiences and deductions. The latter approach was chosen. Several 
excellent reviews have appeared (10, 13, 27, 61, 153, 155, 162, 163, 294, 299, 309, 
314, 356, 367) since the last PHystoLoagicaL Review article written by the 
author in 1928 (161). The present review will concern itself only with the theo- 
retical aspects of the electrocardiogram. The empirical interpretations of the 
electrocardiogram which have been found so useful in clinical practice will not 
be discussed since they have been dealt with in extenso elsewhere (164). 

Any careful survey of the articles appearing on the subject must impress the 
unbiased reader with the fact that the manifold theories on the genesis of the 
electrocardiogram are in apparent contradiction with one another. He may 
perforce in desperation apply electrocardiography without regard to theory, 
leaving the answer to the latter to the future. It is very fortunate that the 
clinical usefulness of the electrocardiograph has suffered so little from lack of 
agreement on its theoretical aspects. While some workers continue to proclaim 
the need for an understanding of the theory in order to make electrocardiography 
useful for clinical practice, the electrocardiograph has actually been very inten- 
sively and profitably used without any but the most elementary theoretical 
background. It may be stated in all fairness that the attempt to instill a 
theoretical grounding into the ordinary clinician who wishes to use this tool has 
served too often to confuse rather than to assist him. This is so because the 
background of physics, mathematics and physiology which the ordinary electro- 
cardiographer possesses is too superficial for a critical evaluation of the facts 
and fancies presented. ‘Too many presentations of the subject make untenable 
assumptions of the constancy of certain variables in order to arrive at a “‘simple”’ 
mathematical synthesis of the subject. Some recognize the assumptions made 
at the start but too often lose sight of them in later developments, especially 
when the subject is taken over by enthusiastic and worshipful disciples. Having 
once established a point of view, investigators often continue to expand it until 
the superstructure of the theory becomes too heavy for the narrow pivot of fact 
upon which it rests. This attempt to make the interpretation of data yield 
more precise quantitative information than is justified by the crude initial 
assumptions, is the basic fault in many instances. It is hoped that this will 
become apparent as this review is developed. 

What has just been stated does not apply to the electrocardiographic inter- 
pretation of cardiac arrhythmias. Here knowledge of the normal and abnormal 
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physiology of impulse origin and impulse spread, of the refractory period of the 
heart and of its syncytial character is of vital importance. The more the electro- 
cardiographer understands these fundamental properties, the more rational 
become his interpretations. However, this review will not deal with the ar- 
rhythmias except in so far as such knowledge helps account for the creation of 
electric currents by the heart. 

Factors Involved in the Genesis of the Electrocardiogram. The genesis of the 
electrocardiogram is but a special and perhaps more complex case of cellular 
electrophysiology. Its features are therefore basic in general physiology. How- 
ever, any analysis of the electrocardiogram must concern itself with the fact that 
the electrodes used for recording currents are applied to the body surface at a 
distance from the heart. Even when one of the electrodes is placed over the 
precordium it is still a distant electrode. Consequently, four principal factors 
are involved in this analysis: 

a. The genesis and typical time course of the electric states of the heart 
during activity and injury. 

b. The laws governing the spread of current within a volume conductor. 

c. The influence exerted by the characteristics of the body as a conductor of 
electricity. 


d. The modifications introduced by variations of the anatomy and physiology 
of the heart. 

The Genesis and Typical Time Course of the Electric States of the Heart during 
Activity and Injury. A. The electric state of resting heart muscle. It is now well 
established that (a) the composition of living’ cells differs from that of the ambient 
extra-cellular fluid (72), and (b) that the surface membrane of cells is semi- 
permeable. It follows, therefore, that the resting cell surface is electrically 
polarized; this polarity is such that the charge on the inside is negative and that 
on the outside is positive. It is not unlikely that other electric charges exist at 
interfaces within cells as complex as that of the heart cell syncytium, but there is 
no reason to believe that these are involved in the genesis of the electric current 
recorded in the electrocardiogram. The electric characteristics of the cell 
surface may not be as simple as suggested above. For example, Cole (59, 59A) 
has shown that during flow of current across a surface membrane it possesses 
electric properties of impedance, capacitance and inductance. ‘The classical 
hypothesis of the polarized membrane, however, is adequate for an understanding 
of the genesis of the electrocardiogram. The magnitude of the potential across 
the resting cell membrane was found to be of the order of 100 millivolts in certain 
cells in which it can be measured (62,63). However, at rest since, all parts of 
the cell membrane are maintained uniformly polarized,no potential differences 
will exist within the cell nor in the medium surrounding the cell, and no electric 
currents will flow. 

B. The alterations of the electric state during activity. It is now generally 
agreed that during activity of a living cell, the permeability of its surface is 
altered, the impedance across the surface changes, the ions which are responsible 
for the polarized state of the resting cell migrate and that the cell becomes 
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depolarized. Recently Cole (63) observed that following depolarization a 
temporary reversal of polarization occurs. If confirmed, this would show that 
the process of local activation is not as simple as has been hitherto conceived. 
This can be neglected for our purposes since the magnitude of potential differ- 
ences and current involved is much smaller than that due to depolarization of 
the “resting” charges. 

The process of depolarization in any one region is not instantaneous but of 
measurable duration. This time plus that occupied in the propagation of the 
depolarization process throughout the cell surface determine the duration of 
the process of depolarization. Since during this period the electric state of 
the cell membrane is not uniform, differences in potential are established within 
the cell and also in any conducting medium surrounding the cell, and electric 
currents will flow while these potential differences exist. 

When the depolarization is completed the cell may remain in the depolarized 
state for a variable time. During this time there is no reason to believe that 
any potential differences exist and hence no electric currents will flow. Thus 
the cell is electrically quiescent even though it may, as in the case of a con- 
tractile organ like the heart, be undergoing changes in tension and in length. 

The process of repolarization, which follows soon after depolarization, is de- 
finitely slower than the process of depolarization. Further, the pattern of 
depolarization need not have the same topographical distribution as that of 
the depolarization preceding it. The evidence is clear that in the case of 
the heart the duration of electrical systole, that is, the period from the begin- 
ning of depolarization until repolarization is completed, is unequal in various 
sites of the ventricles (cf. 164). Since the electric state of the cell is not uniform 
during repolarization, potential differences are again established and electric 
current flows once more within the cell and in any conducting medium sur- 
rounding the cell. However, the potential differences are now not as great as 
during depolarization since the process of repolarization is slower. If the topo- 
graphy of repolarization in the cell were identical with that of depolarization 
and if the duration of electrical systole were precisely the same in all parts 
of the cell (unlikely occurrences in the normal ventricles), then the potential 
differences during repolarization would be opposite in sign to those in the stage of 
depolarization and the area subtended by it would equal that subtended during 
depolarization. 

The theory outlined above is widely accepted by students of electrocardio- 
graphy. Itis also agreed that these electric phenomena are not manifestations 
of the mechanical responses of heart muscle, since the time pattern of their 
occurrence is not identical with that of the mechanical phases (175, 339, 341). 
The details of the energetics and chemical factors involved in the process leading 
to electric manifestations (223, 224) are not yet fully understood, but are not 
the concern of a review which deals only with the electric phenomena them- 
selves. For the genesis of the electrocardiogram it suffices to recognize the 
following four states of the cell, viz.: a, the polarized state of rest; b, the state 
of depolarization—during activation; c, the depolarized state of the active cell, 
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and d, the stage of repolarization—during restitution (or recovery). Further, 
it is important to appreciate that only durmg the process of depolarization 
and repolarization do potential differences appear and electric currents flow. 
The electrogram thus records a double response during the heart cycle when 
the electrodes are placed on two uninjured parts of the heart’s surface, an initial 
large and brief deflection and a longer and smaller final deflection, with an inter- 
val between them. This is the genesis of the P and T, waves of the auricles 
and of the QRS complex, S-T segment and T wave of the ventricles in the 
electrocardiogram. 

C. The alterations of the electric state during injury. Injury involving a part 
of the cell may do a number of things (cf. 318): 

1. Injury may completely depolarize a part of the surface of the affected 
cell, and hence this region does not share in the activity of the rest of the cell. 
There will be potential differences during the resting polarized state of the un- 
injured part of the cell, because the cell membrane will not be uniformly polar- 
ized; an injury current of rest will therefore be present. During depolarization 
of the uninjured part this potential difference will disappear since the cell becomes 
completely depolarized, only to reappear again during repolarization of the 
uninjured part. Thus there will be an injury current of rest, but no injury 
current of activity. An injury of this type will result in a monophasic electro- 
gram during the heart cycle if electrodes leading from an uninjured and an injured 
part of the heart’s surface are connected to a recording galvanometer. The 
S-T deviations in the electrocardiogram caused by injury can be accounted 
for on this basis. The application of potassium to the surface of the heart 
appears to operate in this way (23). 

2. Injury may cause a partial, rather than a complete, depolarization of 
the region of the ‘cell affected, but still leave it responsive. During the resting 
stage, potential differences between injured and uninjured regions will exist 
but will be of smaller magnitude than in the case of complete depolarization 
of the injured part. During activation the injured part will also respond and 
so the potential differences in the cell will disappear. There will thus be a mono- 
phasic curve of smaller magnitude than in the preceding situation. In this 
case also there will be only an injury current of rest and no injury current of 
activity. This type of injury is thus a variation of the preceding one. 

3. Injury while causing only a partial depolarization of the part of the cell 
affected may also make this area completely or partially unresponsive. During 
the resting stage the situation would be similar to that of the preceding cases 
in producing an injury current of rest, but the mjured part of the cell would 
retain its partially polarized state during activity. Thus, when the rest of the 
cell is depolarized, potential differences of opposite directions to those previously 

existing would develop. There would thus be not only an injury current of 
rest but also one of activity. Again a monophasic curve would be recorded 
when an injured and an uninjured part of the cell are connected to a galvanometer, 
and §-T deviations would result in the electrocardiogram. But the monophasic 
curve could cross the null point, once during depolarization and again during 
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repolarization. This appears to be the common effect of injury produced with 
the suction (89, 93) or the pressure electrode (318). 

4. Injury may result in unresponsiveness of the injured region without af- 
fecting its resting polarization, or injury may lead to a region of block preventing 
the impulse from reaching some part of the cell. Under these circumstances 
no injury current would flow during the resting state of the cell. But during 
the activity stage, the injured, or isolated, part of the cell would retain its surface 
polarization while the rest of the cell was depolarized. There would thus be 
an injury current of activity but no injury current of rest. Again a monophasic 
curve would be recorded when an injured and uninjured (or blocked off) part 
of the cell were connected to a galvanometer, but it would not cross the null 
point. It would cause S-T deviations in the electrocardiogram. Cold appears 
to operate in this manner (23). 

5. Finally injury may cause a delay and protraction of the process of repo- 
larization in a responsive and fully polarized or partially depolarized part of 
the cell. This would lead to an injury current of repolarization which would 
modify the appearance of the final deflection of the electrogram obtained by 
connecting the injured and uninjured part of the cell (318). This would account 
for the T wave of injury in the electrocardiogram. If the injured region were 
completely polarized at rest, there would be no injury current of rest or activity, 
but only an injury current of repolarization. If the injured part of the cell were 
partially depolarized there would be not only an injury current of repolarization 
but also an injury current of activity. It would account for the frequent com- 
bination in the electrocardiogram of S-T deviations with oppositely directed 
T waves. A variant of this would be the case in which the injured area was 
partially depolarized, partially unresponsive and also had a protracted period 
of repolarization. Here there would be an injury current at rest, an injury cur- 
rent during activity and an injury current of repolarization. Injury currents 
of repolarization may occur in areas of the cell different from those giving rise 
to the other types of injury currents; usually the two areas are adjacent to each 
other (318). The amount of delay and protraction in the repolarization of 
the injured area may vary, accounting for different degrees of injury currents 
of repolarization and various magnitudes and durations of injury T waves. 

The exposition above will account for the genesis of the S-T and T wave 
deviations which arise as a result of injury. It remains to point out that when a 
part of the injured cell is partially or wholly unresponsive this will alter the 
appearance of the initial deflection of the electrogram obtained in connecting 
an injured with an uninjured area and also of the QRS deflection of the elec- 
trocardiogram since the orientation of the potential differences during the 
process of depolarization of the cell are altered. (Some of the T wave alterations 
in injury may be on a similar basis; namely, reorientation of the potential differ- — 
ences during repolarization because of absence of response of the injured area.) 

The living cell ordinarily does not permit the state of injury to persist but 
tends to restore the normal state. Sometimes, however, the processes giving 
rise to injury balance the restitution processes, and the injury state is maintained 
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for long periods of time. The newly formed part of the polarized surface may 
enclose the injured area which then is restored to the cell, or it may develop 
at the junction between the injured and uninjured parts of the cell, the former thus 
becoming dead tissue. This development of a newly formed surface of polari- 
zation causes the injury pattern to change with the passage of time. It also 
accounts for the tendency for the effects of injury to change from injury currents 
during rest and/or activity, causing S-T deviations, to injury currents during 
repolarization, causing T changes. On the other hand, if a mild injury became 
more severe, the reverse would take place. As soon as recovery from injury is 
complete, the injury S-T deviations and T wave alterations disappear. Thus 
it may be stated categorically that S-T deviations and T wave alterations of 
injury indicate the persistence of injury currents, whereas QRS alterations due 
to injury need not disappear since they often remain when the injured area has 
been replaced by necrotic or scar tissue. 

Considerable controversy has arisen as to whether it is the injured or the 
uninjured part of the cell which is responsible for the injury currents (56, 61, 
80, 81, 89, 94, 102, 103, 126, 156, 168, 215, 225, 307, 308, 309, 310, 318, 367, 369). 
The discussion given above shows that both areas are involved. If no injured 
area is present, no injury current will develop; and likewise if no part of the cell 
remains uninjured, no injury current will occur. Injury currents signify that 
part of the cell is injured, but not all of it. The source of the current is obviously 
ultimately referable to that part of the cell which is polarized. Depending on 
circumstances this may be the uninjured or the injured part, or both, and this 
can be worked out for the various effects of the injury, as outlined above. Actu- 
ally, experience shows that the onset, duration and end of the monophasic 
curve depends on the electrode placed over the uninjured area rather than on that 
placed over the injured area (156, 309; also cf. 80). The modification introduced 
when indirect leads, or leads involving one electrode on the surface of the heart 
and the other at a distance are employed, will be discussed below. 

The attempt to read into the monophasic curve a series of phenomena as has 
recently been done (289, 290, 291, 292) has rightly been criticized as a misinter- 
pretation of artefacts in the record (11A, 80). Even with the best technique 
the curves obtained may not be pure injury currents, but may contain some 
distortions, since the electrode over the injured area may pick up currents from 
uninjured areas in the neighborhood of the injury. 

D. The syncytial character of the heart. ‘The heart is composed of a complex 
of spiral muscles arranged in sheaths and in bundles (262, 279). The muscle 
bundles of the auricles are distinct from those of the ventricles, and separated 
from them by a fibrous tissue sheet at the auriculo-ventricular junction to which 
the heart valves are attached. In the mammal and bird there is ordinarily only 
one muscular bridge between the two, consisting of neomorphic specialized 
muscular tissue. This so-called auriculo-ventricular bridge is made up of the 
auriculo-ventricular node and the common auriculo-ventricular bundle. While 
some recent workers have questioned the specialized character of this bridge in 
the dog, monkey and man, because the histological differentiation from ordinary 
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heart muscle is not as striking as in other species (105, 106, 107, 108), the over- 
whelming mass of evidence shows its anatomical existence (37, 38, 58, 60, 64, 65, 
66, 67, 68, 178, 198, 201, 208, 209, 210, 235, 270, 272, 284, 293, 294, 327, 332, 333, 
334, 338, 378, 379) and, more important, shows it to be the sole bridge which 
permits the transfer of the impulse from the auricles to the ventricles. The 
recent attempt to revive the hypothesis of the neurogenic transfer of the impulse 
from the auricles to the ventricles (105, 106, 107, 108) has not presented new 
evidence. The controversy raging a quarter of a century ago was finally settled 
in favor of the myogenic hypothesis of impulse transmission, and the evidence to- 
day still favors it (198, 294, 327). Of course, it is true that in mammals there 
may occasionally exist other muscular connections between the auricles and 
ventricles, like the bundle in the lateral wall of the right heart found by Kent in 
some herbivora. In fact, a type of electrocardiogram with an abnormally short 
P-R interval and an abnormally long QRS duration (the Wolff-Parkinson-White 
syndrome) has recently been explained on the basis of such a congenital by-pass. 
This by-pass, in various locations, has actually been demonstrated at necropsy 
in such cases (240, 377). Further,it must be admitted that the auriculo-ventric- 
ular connective tissue partition is indented by ventricular afd: auricular muscle 
so that it has corrugated surfaces. To elucidate the réle played in transmission 
by muscle bundles penetrating the auriculo-ventricular fibrous partition, a 
systematic survey of human hearts with serial wax model preparations is needed. 
It appears unlikely that such a survey will alter the classical, widely accepted 
views of the nature and function of the auriculo-ventricular muscular bridge. 

The auricular and ventricular musculature, therefore, each form a single unit, 
linked together by a narrow muscular bridge. Each may be considered as a 
syncytium. While it may be argued on histological grounds that some of the 
cross-striations divide the muscle into distinct cellular compartments, from the 
point of view of the genesis of the electrocardiogram the muscle fibers of the 
auricles and those of the ventricles may be considered as each constituting a 
single though extremely complex syncytial cell. On this hypothesis there is 
fairly complete agreement. 

This concept of the syncytial nature of heart muscle is important in explaining 
the continuity of the impulse transmission over the various chambers of the 
heart. It readily explains why an injured region within the heart muscle which 
does not border on the endocardium or epicardium creates no external electric 
field. It explains why an impulse spreading radially in all directions from a point 
within the heart muscle does not create an external electric field until it reaches the 
endocardial, epicardial or the auriculo-ventricular fibrous partition surfaces. If 
the myocardium were composed of discrete electrically polarized cells rather than 
@ single syncytial cell each for the ventricles and auricles,then injury entirely 
within the myocardium, unless it were such as to affect the entire surface of the 
cells involved, should on some occasion cause an external electric field. On the 
basis of discretely discharging multiple cells, it would be difficult to account 
for the deflections occurring during the cycle of cardiac activity. The potential 
differences occurring during depolarization and repolarization exist only as long 
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as the cell throughout its surface is not in an identical electric state. There 
would be no reason to find a set of deflections for auricular activity distinct from 
those of ventricular activity since it is difficult to see how the spread of depolari- 
zation and repolarization over large numbers of discrete cells could summate in 
such a way as to give the large deflections of the electrical record obtained from 
the heart. Such problems in explaining the electrocardiogram are avoided by 
accepting the view that the heart is made up of two cells, one composing 
the auricles, the other the ventricles. 

E. Other sources of electric currents in the heart. From time to time other 
sources of electricity have been invoked to account for the various deflections of 
the electrocardiogram (196, 202, 217; cf. 164). Frictional electricity, for 
example, has been suggested to explain the T wave, although the evidence has 
never appeared convincing. While movements of the heart and changes in “the 
electrical impedance (253, 288) during the heart cycle may modify the distri- 
bution of the electric currents, they cannot be considered as a cause for the 
electric forces which are created during the heart cycle. The P and T, waves 
of the auricles, and the QRS deflection, the S-T segment and the T wave of the 
ventricles are adequately accounted for on the basis of the polarization hypothesis 
developed above. One dilemma in the account of the deflections of the electro- 
cardiogram is the causation of the U wave. While a number of suggestions have 
been made to account for this deflection (138, 226, 227, 243, 312), its exact cause 
remains to be determined. It is not unlikely that it is similar in character to 
the after-discharges found in nerve fibers, which occur also in the heart (45, 
311). 

F. Topography of impulse origin and spread. The various deflections of the 
electrocardiogram depict the time course of the processes of depolarization and 
repolarization in the auricles and ventricles. The meaning of this time pattern 
will become clearer once the spatial pattern of impulse origin and spread as 
determined by their topography in the heart is clearly understood. In this 
review only a bare outline of this topography of the heart will be attempted, 
based on the classical view which remains ascendant despite numerous attacks 
over the past four decades. The mechanisms of impulse initiation and those of 
impulse propagation can not be considered here, nor can any detailed account 
be given of the anatomy of the muscular elements involved. 

The impulse originates in the sinus node located in the sulcus terminalis of 
the right auricle, or more precisely in the head of thisnode. The sinus node isa 
neomorphic development of specialized musculature in which the property of 
rhythmic discharge is highly developed. It is also a tissue of slow conductivity. 
With the discharge of the pacemaker in the node, the impulse spreads slowly over 
this node and then enters the auricular musculature by way of transitional 
muscle fibers. In the auricles it appears to travel faster and following the 
intricate branching of the auricular musculature ultimately stimulates, that is 
depolarizes, all parts of the auricles. Soon after depolarization, the depolarized 
auricular musculature repolarizes with a topographical spread more or less similar 
to that followed by depolarization so that the ordinary electrical record of 
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auricular activity shows two deflections, the P an T, waves, opposite to each 
other. 

In due course, the impulse in the auricles arrives at the auriculo-ventricular 
bridge described above and, passing through transitional fibers, it enters the 
auriculo-ventricular node. This node is also a neomorphic development of 
specialized muscle with anatomical and physiological properties resembling those 
of the sinus node. The claim that a special musculature bridge connects the 
two nodes (241, 242) appears to be unfounded except asarare anomaly. Because 
the impulse travels slowly in nodal tissue, a delay in the transmissioa of the 
impulse to the ventricles isfound. Once the impulse has passed the auriculo- 
ventricular node, it enters directly into the common auriculo-ventricular bundle, 
then its bundle branches and the terminal net-work of specialized muscular fibers. 
This latter system also is a neomorphic development of specialized muscle. In 
the common auriculo-ventricular bundle the character of the tissue quickly 
changes to the characteristic Purkinje fibers which are capable of rapid trans- 
mission of the impulse. It has been shown that except for the upper part of the 
interventricular septum, the terminal net-work penetrates all parts of the ventri- 
cular musculature (1, 2,4). The bundle branches and the Purkinje net-work lie 
under the endocardium but the net-work also penetrates to the epicardium in 
all parts of the ventricles. The impulse therefore spreads simultaneously over 
many parts of the ventricles by means of this rapidly conducting terminal 
net-work, but in each locality arriving at the endocardium before reaching the 
epicardium. An objection to this view raised by Robb (263, 267, 271) has 
recently been withdrawn by her (264). In each part of the ventricles the impulse 
passes from the terminal Purkinje net-work via transitional fibers to the ventri- 
cular musculature proper. Thus the entire ventricular musclature is depolarized 
by a multitudinous series of quickly succeeding local impulses rapidly dissemi- 
nated by the terminal net-work. This rapid spread makes the time of depolari- 
zation of the more massive ventricles of the same order of duration as that of the 
auricles, i.e., the QRS duration is of the same order as the P duration. Repolari- 
zation of the ventricles does not follow their depolarization as quickly as is the 
case in the auricles, so that a depolarized state expressed by the S-T segment is 
recorded in the ventricles. The electrical systole of the ventricles is much longer 
than that of the auricles. Repolarization of the ventricles does not follow the 
same topographic pattern as depolarization since the duration of electrical 
systole in the various parts of the ventricles shows considerable variation. Hence 
in many of the leads of the electrocardiogram the T wave is not opposite to the 
direction of the QRS deflection. 

Many attempts have been made to depict the arrival of the impulse over the 
surface of the ventricles with various types of electrical connections in a number 
of species (2, 24, 88, 90, 91, 104, 123, 127, 128, 198, 199, 237, 257, 258, 271, 336, 
343, 346). The data obtained with electrodes on various injured parts of the 
heart connected to a distant electrode can be dismissed as not suitable. Obser- 
vations with the differential electrode, with electrodes on various uninjured parts 
of the heart connected to a distant electrode, and the more extensive data of 
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Harris (127, 128) with adjacent punctuate electrodes on various spots of the 
heart are more pertinent. The discrepancies in the observations of the various 
investigators can be explained on the basis of differences in the state of the 
exposed hearts studied and the adequacy of the criteria used to determine the 
arrival of the impulse locally. The results are in agreement, however, in showing 
1,that stimulation of the external surface of the heart is not simultaneous and that 
the impulse often reaches regions far apart more nearly simultaneously than 
adjacent parts, and 2, that the total time occupied in stimulating the surface of 
the ventricles is much shorter than the duration of the QRS complex. The latter 
is partly due to the time occupied in stimulating the regions of the ventricles not 
bordering the external surface and partly due to the fact that the depolarization 
process in any region occupies time, which is significant when compared with 
the transmission time over the ventricles. 

It is not feasible as yet, as some have attempted, to depict the exact details of 
the spread of the impulse through the auricles or ventricles. We are in ignorance 
of too many factors to be able to do this. However,some general comments on the 
direction of impulse spread in the average normal human heart can be made. 
In general in the auricles, the impulse spreads ventrally, caudally and to the left. 
This is adequately explained on the basis of the location of the sinus node in the 
upper right portion of the auricles and the assumption that there is a fairly 
uniform rate of spread through the auricles. There is no reason to assume the 
presence of specialized conducting paths or of synaptic-like junctions (256, 257, 
258), nor is there need to assume that the impulse preferentially follows the spiral 
sheets and bundles of muscle. 

In the case of the ventricles the situation is more complex. The impulse 
invades the septum before the outer walls of the ventricles. In the septum the 
muscle fibers proper appear to be reached first in two sites, one beneath the 
endocardium of the right and the other beneath that of the left ventricle, both 
sites being some distance below the auriculo-ventricular fibrous junction. The 
impulses from these two sites soon meet somewhere between the two endocardial 
surfaces. At the same time, the impulse front spreads radially through the 
septum parallel to its endocardial surfaces, in each region the subendocardium 
being involved earlier than the deeper layers. The impulse front reaches the 
auriculo-ventricular junction before the apex and interventricular grooves. After 
reaching the auriculo-ventricular junction the impulse front continues to spread 
toward the apex and at the same time toward the anterior and posterior inter- 
ventricular grooves. On reaching the interventricular grooves the impulse front 
spreads over the lateral walls of the right and left ventricles. The front coming 
from the anterior interventricular groove and spreading in two directions meets 
that from the posterior interventricular groove, also spreading in two directions, 
about midway on the lateral surfaces of the right and left ventricles. The order 
of junction of the impulse fronts in the right and left ventricles is not predictable 
since the terminal net-work in the right heart travels obliquely from endocardium 
to epicardium while that of the left is nearly perpendicular to the endocardial 
surface (1), making up for the shorter distance across the thinner right ventri- 
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cular wall. However, it can be predicted as a general rule that the basal part 
of the lateral wall of both ventricles is stimulated last since the horizontal 
circumference of the heart is greatest at the base. Throughout, the subendo- 
cardium is stimulated ahead of the subepicardium and the papillary muscles 
appear to be stimulated ahead of adjacent muscle. 

The Laws Governing the Spread of Current in a Volume Conductor. Some 
consideration must be given to the laws governing the spread of current 
in a volume conductor in order to appreciate the effect of the electric forces 
created in the heart upon the electrocardiogram recorded by electrodes located 
some distance from the heart. Space does not permit more than a superficial 
handling of this problem; the reader is referred to several excellent summaries 
for a more detailed and mathematical handling (13, 27, 61, 299, 314, 356, 367). 

The simplest case of a volume conductor is that of a large finite electrically 
homogeneous sphere with the source of electric current at itscenter. If the source 
of current be considered a simple small cell which during its cycle of activity shows 
a wave of depolarization on its surface and then a wave of repolarization, the 
basic concepts can be expressed in simple terms. In the completely polarized 
resting state, it can be demonstrated that no potential differences exist in the 
outside conductor and no currents flow. Assuming the cell surface to be uni- 
formly polarized, all points in the external conductor are at the same potential, 
namely zero. Some confusion has arisen in considering this problem because no 
clear distinction was made between the charge on the cell surface and its potential. 
Thus, according to the laws of sphericai condensors it can be shown that the 
potential in the region outside of the cell and at its outside surface will be zero 
even though a positive charge is located on the outside of the cell surface (177, 
316). 

During depolarization, potential differences will be set up and currents will flow 
in the outside medium. While the actual source of the current is the polarized 
membrane remaining on parts of the cell surface, the effect can be accurately and 
more simply expressed by considering that the current is caused by a surface 
(or a series of surfaces) at the junction between the polarized and depolarized 
parts of the cell at any moment. The charge of this theoretical surface is oriented 
so that the positive charge faces the polarized part of the cell and the negative 
charge faces the depolarized part of the cell, and the intensity of the charge on 
the postulated surface is assumed to be identical with that on the actual polarized 
surface of the cell. A single imaginary surface will be adequate for the case 
where the process of depolarization at the moment is confined to a small region, 
i.e., that the rate of depolarization of any area is extremely high compared to 
the rate of propagation of the process to adjacent areas. If, however, the process 
of depolarization is relatively slower, then more accurate representation is 
obtained by assuming a series of planes located at the sites where each increment 
of depolarization is taking place. Thus, if the intensity of charge of the polarized 
membrane is considered to be N units, there would be N surfaces placed at the 
junctions where one unit of charge has been lost, each having a charge of one 
unit oriented as in the simpler case described above. Ordinarily in depolarization 
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little is lost if it is assumed that a single theoretical surface depicts the facts, 
since the series of surfaces which mbre accurately portray the facts would be 
very close to one another. . 

During repolarization, however, since repolarization of each region occupies 
much more time than does its depolarization, the series of theoretical surfaces 
would be farther apart and more error is introduced by reducing them to a single 
theoretical surface. Nevertheless this may still be done to simplify the solution 
provided one realizes the limitations of the method. When this is done, the 
single theoretical surface appears to have a smaller charge during repolarization 
than during depolarization. The orientation of the charges on the theoretical 
surface during repolarization is such that the positive charge faces the part of 
the cell already polarized and the negative charge faces that part still depolarized. 

With the consideration of such imaginary surfaces, the potential of any point P 
in the outside medium would have the sign of the charge of the theoretical surface 
facing it. The magnitude of the potential at P would be a function of the 
intensity of the charge on the theoretical surface and of the solid angle subtended 
from the point P to the edge bounding the theoretical surface. Thus if the point 
P faced the side of the theoretical surface having a positive charge it would have 
a positive potential. And the intensity of the potential of the pomt P would 
increase 1, the closer it was to the theoretical surface; 2, the larger the rim of the 
theoretical surface; 3, the greater the intensity of charge of the theoretical surface; 
and 4, for points at equal distance from the center of the theoretical surface, the 
smaller the angle between the line connecting the point P to the center of the 
surface and the line from the center of the theoretical surface drawn perpendicular 
to it. In this fashion the lines of potential differences and the lines of current 
flow in the external field can be mapped out and the deflection produced in a 
galvanometer connected to any two points in the electric field predicted. 

With some modifications these rules will apply also to the case where the size 
of the conducting medium is not so large and where it is not spherical. 

This concept of theoretical surfaces serves to link the membrane theory with 
the facts observed in the case of the heart within the body. It explains the 
finding of a diphasic deflection with brusque transition durmg activation obtained 
when an electrode placed on the surface of the auricle is connected to one placed 
at a distance in the conducting medium. It is an improvement of Lewis’ concept 
of “‘limited potential differences’ (198) as developed by Craib (61) and most 
clearly enunciated by Wilson (367). 

This view of a theoretical surface can also be applied to the case of injury 
currents. The theoretical surface of the resting injured cell would be at the 
junction between the injured and uninjured parts. The charge on the theoretical 
surface would be of a magnitude equal to the intensity of the charge on the un- 
injured region minus that on the injured part of the cell. The positive charge of 
the theoretical surface would face the uninjured part of the cell and the negative 
charge the injured part of the cell. During activity, if the injured part of the 

cell had retained a polarized state, the theoretical surface would remain but have 
its charge reversed and of different magnitude. During stimulation the lack 
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of response of the injured part of the cell, when such unresponsiveness existed, 
would alter the moment to moment orientation of the theoretical surface which 
would have existed if no injury were present; and during repolarization the 
effects of injury in retarding the repolarization of the injured part of the cell 
would also modify the moment to moment orientation of the theoretical surface 
which would have existed if no injury were present. 

This concept of a theoretical surface will explain the findings 1, that an injury 
current is obtained when an electrode is placed on an injured part of the heart 
and connected with an electrode distant from the heart; 2, that this current can 
be reversed by moving the electrode on the heart to an uninjured region adjacent 
to the injury (80, 81, 89, 94, 156, 369), and 3, that this current decreases in 
magnitude rapidly when the electrode on the heart is moved farther away from 
the site of injury since the angle subtended by the postulated surface diminishes 
rapidly. 

The theoretical surface concept makes it simpler to follow the events during the 
heart cycle and during injury since the charge giving rise to the electric field 
can be considered as located at the junction between depolarized and polarized 
parts of the cell, that is, at the junction between activated and restituted parts 
of the cell, and the junction between injured and uninjured parts of the cell. 

The problem of following events during activation and restitution in the case 
of a complex cell like the auricles or ventricles can be simplified by this theoreti- 
cal surface concept. Take the case of the auricles. Ordinarily the impulse 
spreads from a small area, from the sinus node, over the walls of the auricles 
caudad, ventrad and to the left, ignoring minor variations. The theoretical 
plane is therefore at right angles to this spread coinciding with the wave front, 
with the positive charge ahead of the negative. As it travels over the right auricle 
the length of the rim of this theoretical plane increases. Actually the wave 
front is a double ring, the inside ring on the subendocardial and the outer on the 
subepicardial aspect of the auricle and the theoretical surface being the surface 
between these rmgs approximately normal to the endocardial surface. Since it 
is assumed that the intensity of the polarized surface of the auricular syncytium 
is uniform, the increasing length of the rim of the theoretical surface will cause 
the potential differences to wax without much change in direction. As the 
impulse spreads over the left auricle and septum, the length of the rim will tend 
to decrease, causing the potential differences to wane. During this time, how- 
ever, there will be a shift in the general direction of the impulse spread to the 
left rather than caudad. On the assumption that the topography of repolari- 
zation in the auricles follows closely that of the depolarization, the theoretical 
surface for repolarization will have the same characteristics as that during 
depolarization but 1, the charge will be reversed, and 2, the theoretical surface 
will have a less intense charge. 

Take the case of the ventricles. As outlined earlier, two theoretical surfaces 
would start in the interventricular subendocardial surfaces and meet and fuse. 
During this time no potential differences would appear unless one of these 
impulses started ahead of the other, and even then the potential differences 
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created would not be large because the two theoretical surfaces would have 
oppositely directed charges. Apparently, under ordinary circumstances the 
stimulation via the left bundle precedes that via the right, making the theo- 
retical plane entering the septum from the left larger than that from the right. 
After the two theoretical surfaces meet the further spread of the impulse would 
be radial in the septum, and an expanding narrow cylindrical theoretical surface 
would be present for a time. No potential differences would arise (except for the 
small differences explained above) until the cylinder front reached the auriculo- 
ventricular connective tissue partition. From that time on the narrow cylinder 
will be open at the top and the part facing toward the apex will therefore be 
unbalanced. Since it can be shown that regardless of how complex the theoretical 
surface actually is, it in turn is equivalent to the smallest surface encompassing 
its rim, such a new theoretical surface can be considered as representing the 
conditions at this time. In short, the potential field will be determined by this 
imagined secondary surface at the top of the septum, the positive charge of which 
faces the apex and the negative the auricles. This surface will expand until 
the entire junction of the septum with the auriculo-ventricular partition has been 
depolarized. The intensity of the potential differences will therefore grow. The 
field will be such as to have its positive potentials caudad, ventrad and to the 
left, that is, in the same general direction as in the field created during auricular 
stimulation. 

As the impulse reaches and spreads through the lateral walls of the ventricles, 
some time before the whole base of the septum has been stimulated, the situation 
becomes more complex. The details have been briefly described above. Suffice 
it to say that the four wave fronts of impulse spread tend to neutralize one 
another except that any theoretical surface present on that part of the impulse 
front which moves toward the apex will be unopposed by any oppositely charged 
theoretical surface as soon as the wave front reaches the auriculo-ventricular 
junction. Should the base of the heart be completely activated before the apex 
then the field created would continue in general to be maintained in the direction 
found during stimulation of the septum, ard will wax and wane. If, however, 
portions of the base of the heart are activated after the apex is completely 
stimulated, as is commonly the case, then the field will be markedly altered in 
its direction toward the end of the depolarization phase. 

Injury of the heart situated in a conducting medium alters the electrical 
deflections obtained. During depolarization of the ventricles, the absence of 
response of the injured area leaves unbalanced certain theoretical surfaces which 
ordinarily would be counterbalanced by the response of the injured area, and so 
the QRS complex is altered. This is especially prominent when a precordial 
electrode is used over an injured area of the anterior surface of the heart. This 
alteration of QRS will persist when the area becomes necrotic or is replaced by 
scar tissue. In reality a new “window” is opened in the wall of the ventricle. 
Hence QRS changes as a result of injury occur equally readily whether the region 
is alive and injured, or dead, necrotic or scarred. 

Both during the depolarized and repolarized state, the differences in polari- 
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zation between the injured and uninjured parts of the ventricles will set up a 
new theoretical surface giving rise to the injury current of rest and/or of activity. 
Its orientation will determine the potential differences in the field and so will 
determine the 8-T deviation of injury. During repolarization the lag and pro- 
traction (or absence) of the repolarization process in the injured area will alter 
the characteristics of the theoretical surface at this time and set up the T wave 
alterations of injury. 

Vector analysis. In a large finite spherical homogeneous conducting medium 
with the heart in the center, the electric forces could be resolved during the 
heart cycle into a series of successive vectors which alter in magnitude and 
direction. This is so since the electric forces have quantity, sign and direction, 
and can be added and resolved according to the law of vectors. It is in such a 
situation that an equilateral triangle can be created to calculate the manifest 
potential vectors in the frontal plane. In this situation also a tetrahedron 
composed of equilateral triangles, or a cube, can be created to calculate the actual 
three dimensional vectors. 

Unfortunately the actual situation in the body is such that the attempts to 
determine the true vectors of the heart are extremely crude and give only a 
rough approximation of the momentary forces which exist in the heart (163). 
This is true for a number of reasons: 1, the torso of the body which constitutes the 
conducting medium is not spherical; 2, it is not a large field compared to the size 
of the heart (this can be appreciated by comparing the size of the fist to that of 
the torso); 3, the heart is not in the center but is closer to the sternum than the 
back, closer to the arms than to the legs and closer to the left than the right arm; 
4, the limb leads used in obtaining the vectors in the frontal plane actually do 
not form an equilateral triangle (163), and 5, the body field is not composed of a 
homogeneous conducting medium (85, 167, 169, 173, 200), the lungs, for example, 
being poor conductors compared to the muscles of the batk (169, 200). The 
view held by Wilson’s laboratory that the electrical conductivity of the lungs is 
little different from other tissues is based on impedance measurements with 
extremely high frequency of alternating current (176). Such high frequency 
measurements are not applicable, since in electrocardiography we are concerned 
with fluctuating currents of much lower frequency. Actual experiments with 
insulation of various surfaces of the heart show clearly that the lungs are much 
poorer electrical conductors than blood, liver or muscle (169, 200). This gives 
certain parts of the heart a greater influence over others in creating the electric 
field of the body. 

These discrepancies between conditions in the body and those postulated as 
ideal conditions for vector analysis are significant enough so that vector analysis 
such as has been attempted can give only a crude approach to the actual vectors 
existing during the heart cycle. Of course a rough idea of the direction and 
possible magnitude of the vectors can be obtained, but the approximation to the 
actual vectors remains to be established. 

Another factor of importance is that the heart is so large that when electrodes 
are placed on certain parts of the body surface, as over the precordium, equal 
areas of the heart do not subtend the same angle at the electrode, consequently 
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they have unequal electric effects. Reduction of the electric forces to a single 
vector is inadequate since the part of the heart beneath the electrode plays a 
dominant réle while more distant parts play a lesser réle because the contribution 
of a given area of a polarized membrane to the potential is a function of the 
distance from the electrode and of the electrical conductivity of the intervening 
tissues. In this sense, and in this sense only, can the precordial electrode be 
considered a semidirect electrode. Under these circumstances it is difficult to 
see how a tetrahedron or cube can give more than a rough approximation of the 
true three dimensional vector. Attempts to get such stereovectograms are thus 
only rough approximations. 

The construction of vectograms and stereovectograms (9, 27, 53, 54, 70, 74, 
79, 135, 137, 149, 150, 151, 152, 154, 302, 303, 304, 305, 319, 320, 321,322,323, 
328, 329, 351, 380, 381, 382, 383), the time course respectively of the vector in 
the frontal plane and in three dimensions, may give a crude picture of the summa- 
tion of the electric forces existing in the heart from moment to moment during the 
heart cycle, and can help to approximate the character of the forces in various 
circumstances. On a purely empiric basis they may prove to be of diagnostic 
value in various circumstances, but they have not yet been found to serve this 
purpose. Even if this were accomplished, it cannot be considered that they 
actually depict the true summation of the electric forces of the heart cycle except 
in a distorted fashion. 

The attempt to summate the vectors during depolarization, during repolari- 
zation and during the entire ventricular electrical systole, the resultant vectors 
being known respectively as the QRS vector, the T (or more properly the S-T-T) 
vector and the ventricular gradient; (11, 12, 15, 16, 17, 18, 19, 20, 97, 158, 212, 
213, 354, 368) may also prove ultimately to be of practical value. However, 
these summations introduce other errors which may become misleading. For 
example, the QRS vector of the frontal plane may give an identical value in the 
case of a deep Q. and Q; (i.e.,a deep Qin leads 2 and 3) as in the case of a deep 
S. and §,; and yet the frontal vectogram (i.e., a graph of the instantaneous 
vectors throughout the heart cycle) will be entirely different under these two 
circumstances. Again the $-T-T vector caused by an inverted coronary T, 
and T; and an elevated S-T, and 8-T; may be identical with that obtaied when 
T, and T; are upright and S-T, and S-T; are depressed, and yet the frontal 
vectogram will be entirely different in the two cases. Such summated vectors 
may thus conceal significant differences and the ventricular gradient derived 
from them may also be non-revealing. Of course, it is true that the measure- 
ments of the ventricular gradient can help to estimate whether a change in the 
S-T segment and T wave are due to positional alterations of the heart on the one 
hand, or to injury, heart strain or some influence selectively affecting the re- 
polarization process on the other. In our experience, however, examination of 
the contour of the electrocardiogram in the limb leads and chest leads will serve 
this function as well if not better (164). The latter method will in fact avoid 
the implication that the solution is a mathematical one and therefore necessarily 
the correct one. 


It can be seen from the discussion above that there are two opposing viewpoints. 
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One overlooks individual variability and seeks a simple mathematical solution. 
The other is perturbed by the inaccuracies of the mathematical approach and 
fears that by following it important variables may be neglected. There is merit 
in both approaches provided zealots do not overestimate or underestimate the 
relative merits of the opposing viewpoints. Considerable work remains to be 
done in defining the limits of both points of view. It is as much an error to deny 
the possibility that the true electric forces of the heart can be reconstructed from 
the electrocardiogram as it is to affirm that at the present time the estimated 
vector is adequate, fairly accurate and sufficiently informative for ordinary use. 

So-called unipolar leads. Another experimental approach remains to be dis- 
cussed and that is the attempt to obtain the actual potentials of single points in 
the conducting medium (25, 52, 55, 111, 112, 113, 114, 115, 129, 179, 219, 220, 355, 
356). For practical purposes there is little to be gained from these attempts but 
the problem of a suitable method to accomplish this is intriguing.. If one were 
dealing with an infinite sphere of a homogeneous conducting medium the potentials 
of single points might be measurable but with the situation as it exists in the 
human body thisis not strictly possible although approximations may be obtained. 
The use of the central terminal connected to the three extremities through 5000 
ohms each has been widely discussed (cf. 356). Even the proponents who intro- 
duced this method recognize that while the central terminal may show less 
fluctuation in potential than any single distant electrode, it need not be at 
constant zero potential (317, 356). For example, it can happen that all three 
limb electrodes may some time during the heart cycle be in the negative field 
while the positive field is concentrated around the anterior precordium or vice 
versa. Under these circumstances the central terminal will also have a negative 
potential (or a positive one) greater than that of one or more electrodes to which 
it is connected. During this time it will be a “worse” contact for obtaining the 
true potential of the exploring electrode than some other single electrode. Gold- 
berger’s so-called augmented unipolar lead (111, 112, 113, 114, 115) fails on 
theoretical grounds to meet even the requirements set up for the Wilson terminal, 
especially when it is connected to only two of the three limb electrodes. Other 
attempts to obtain the true potential of the exploring electrode have been made. 
One procedure is to immerse the body in a metal lined tub filled with a strong salt 
solution (51, 52, 78, 219), the patient breathing by way of a tube passed up 
through the bath. The entire metal lining of the tub is used as the indifferent null 
electrode. This is probably as close to a null electrode as one can obtain, but is 
not too practical. A variant of this procedure is to employ a broad metal covering 
of a large part of the body which should approach a null electrode more nearly 
than the central terminal of Wilson (179, 220). However, it would appear that 
an absolute null electrode has not yet been perfected. 

Great care must likewise be employed in using precordial leads to determine 
the time of arrival of the impulse beneath the chest electrode (356, 357, 364) 
since distant effects obscure the so-called intrinsic deflection especially when the 
electrode is not placed over the region of solid dullness. 

The Influence Exerted by the Characteristics of the Body as a Conductor of Electri- 
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city. In the last section it was pointed out that the body differs from the ideal 
spherical conducting medium of large finite size and that on this account variables 
are introduced which make accurate calculation of the vectors impossible. These 
characteristics of the body as a conducting medium also affect the character of 
the electrocardiogram. ‘Their variation in different individuals and in disease 
affect electrocardiographic contour. Some of these qualities have unimportant, 
others more striking effects. 

Persons vary in the relative diameters of their torsos. The body field of a 
fat person is different from that of a thin individual. It is doubtful, however, 
that these changes in body shape have any significant influence on the electro- 
cardiogram except as they are accompanied by rotation of the heart. 

More significant and commonly overlooked is the effect of variations in the 
electricial conductivity of the medium adjacent to the heart. For example, in 
emphysema where the lungs, abnormally distended by air, encroach upon the 
heart and increase the insulation around it, the potential differences set up in 
the external field tend to be smaller and current flow would largely be confined 
to the heart and pericardium. As a result, the amplitude of the deflections in 
the electrocardiogram tends to become smaller. Likewise pericardial or pleural 
effusions lying close to the heart are good electrical conductors and tend to shunt 
the external field which is of higher resistance, thereby decreasing the current 
flow through the body field. Hence, here too, the amplitude of the deflections 
of the electrocardiogram decreases. The presence of focal pleural effusions or 
of consolidations in the lungs near the heart tend to produce changes in the 
electric field of the body and to modify the electrocardiographic contour. In 
short, alterations of the character of the electrical conductors adjacent to the 
heart modify the field created and thereby alter the recorded electrical deflections 
(163). Such changes could affect the magnitude of the vectors reconstructed 
from the electrocardiogram, without affecting the orientation of the electric 
forces within the heart. 

The Variations Introduced by Modztfication of the Anatomy and Physiology of 
the Heart. Variations in the anatomy and physiology of the heart are far more 
important than variations in the character of the body field in determining 
electrocardiographic contour. 

1. Variations in the normal heart. The recent experience of the war when 
electrocardiograms on large numbers of normal persons were taken has clearly 
shown the wide range of variation of the ‘normal’ electrocardiogram caused by 
differences between individuals. Considerable variation is also found in the 
same individual in the course of ageing. These variations with age determine the 
different normal limits of the electrocardiogram in infants, children and adults. 
The details of the anatomic and physiologic differences of normal hearts in the 
various age groups will not be considered here (cf. 164, 172,282). They depend, 
as do the variations in normal contour in any age group, on 1, the shape and size 
of the heart; 2, the position of its various axes in relation to the body, and 3, 


variations in the conduction paths for the impulse and in the location of the 
impulse origin. 
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The shape of the heart and the relative size of its various chambers show some 
variation. This is particularly striking when one compares the heart of an infant 
with that of an adult. But even in the adult there is a considerable range in 
shape of the heart. Take for example the heart in which the diameter from base 
to apex is longer than the other two diameters and compare it with a heart in 
which the reverse is true. In the first case, assuming uniform rate of impulse 
spread, the arrival of the impulse at the apex of the septum will be delayed as 
compared with its arrival near the base of the anterior and posterior interventri- 
cular grooves. In the second case, the impulse will reach the apex sooner than 
the basal parts of the lateral walls of the ventricles at the interventricular 
grooves. Obviously the topography of the spread of the impulse will be suffi- 
ciently different in the two cases to vary the QRS configuration. One could 
write as extensive a treatise on the effects of such and other differences in the 
shape of the heart on the QRS vector as Ashman has on the effect of normal 
changes in the heart’s position (97). 

The subject of variations in the normal position of the heart has been covered 
extensively elsewhere (5, 6, 14, 97, 357) and need not be recapitulated here. It 
is apparent that this is of importance in accounting for the wide range in contour 
of the various deflections of the normal electrocardiogram. 

A similar effect can be demonstrated for variations in the anatomy and function 
of the specialized muscle of the heart from which the impulse originates and over 
which it spreads. Changesin the P wave may come about not only because of 
altered shape of the auricles or alterations in the position of their axes relative 
to the body but also because the pacemaker may be located in the body or tail 
of the sinus node instead of the head. Similar P wave contour changes may occur 
when the site at which the impulse leaves the sinus node is different from the 
usual point of exit, even though the point of its origin has,not shifted. 

The anatomy of the specialized conducting system in the ventricles shows a 
normal range of variation from one heart to another, and these variations together 
with the variations in the speed of impulse transmission through the various 
elements of the bundle branch system and the associated terminal Purkinje 
net-work participate in the production of variations in the configuration of the 
ventricular deflections in the electrocardiogram. 

Not enough attention has been paid to the factors just discussed, namely, the 
variations in the normal anatomy and physiology of impulse origin and spread, 
the normal variations in size and shape of the heart and the normal variations in 
the location and properties of the electric conductors adjacent to the heart in 
comparison to the extensive consideration given to the normal variations in the 
location of the axes of the heart. Asa result, the latter have been given undue 
emphasis and some workers have resorted to nebulous terms like “electrocardio- 
graphic vertical position of the heart’’ to explain certain patterns of the electro- 
cardiogram not revealed by fluoroscopic or x-ray examinations of the heart. 

2. Variations in the abnormal heart. Changes in shape, size and position of the 
heart play an important réle in determining the electrocardiographic contour in 
the abnormal heart (184). Dilatation of the various chambers, displacements of 
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the entire heart and rotation on the various axes of the heart are common in 
disease and play a significant rile in determining the appearance of the electro- 
cardiogram. These factors have only recently been given adequate consideration 
in evaluating abnormalities of the electrocardiogram. 

Heart disease also produces electrocardiographic alterations by causing hyper- 
trophy of the various chambers leading thereby to heart strain patterns. These 
come about because of the prolongation and altered manner of impulse spread in 
the hypertrophied chamber which prolongs the time of depolarization to a slight 
degree, alters the balance of electric forces during this time and tends to make 
the pattern of repolarization follow more nearly the pattern of depolarization in 
time and space than is normally the case. 

Other pathological changes in electrocardiographic contour are caused by 
regions of ischemia and injury. By leading to unresponsive areas, to injury 
currents of rest, of activity and/or of repolarization, they are responsible for 
many modifications of the electrocardiogram. Sometimes these are sufficiently 
striking so as to constitute specific patterns easily recognizable in the electro- 
cardiogram. 

Disease may modify the electrocardiogram by altering the speed of repolariza- 
tion in the whole heart or in different parts of the heart. Finally, disease leads 
to abnormalities in electrocardiographic contour by displacing the location of 
impulse origin and by producing delays or blockage in various parts of the path 
over which the impulse spreads. 


Drugs operate in fashions similar to disease in causing electrocardiographic 
alterations. 

It is the task of the electrocardiographer on the basis of experience and some 
knowledge of the theory of the genesis of the electrocardiogram to interpret 
properly the abnormalities in its contour. How this is accomplished has been 
considered at length elsewhere (164). A major aim of these efforts to unravel 
the genesis of the electric forces of the heart must be the advancement of the 
ability to properly evaluate the electrocardiogram for clinical utility. 


SUMMARY 


The present review concerns itself with the theoretical aspects of the electro- 
cardiogram. Current theories and findings are critically evaluated from the 
author’s viewpoint. 

The subject is developed under the following four headings: 

a. The genesis and typical time course of the electric states of the heart during 
activity and injury. 

b. The laws governing the spread of current within a volume conductor. 

c. The influence exerted by the characteristics of the body as a conductor of 
electricity. 

d. The modifications introduced by variations of the anatomy and physiology 
of the heart. 

a. The genesis of the electric states of the heart is discussed in terms of the 
classical hypothesis of polarization, depolarization and repolarization of the cell 
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surface corresponding to rest, activity and recovery, respectively. Modern 
refinements of these concepts do not significantly modify the classical concepts of 
the production of the main deflections recorded in the electrocardiogram. 
Alterations of the normal record caused by regional injuries to the heart muscle 
are explained and classified according to the mode of action of injury; injuries 
may be such as to produce changes during rest, activity or the recovery phase, or 
lead to a combination of these. The present state of the problem of neurogenic 
versus myogenic impulse spread and of the syncytial character of heart muscle 
is discussed. The view is expressed and defended that, some recent evidence 
to the contrary, myogenic transmission accounts for the spread of the impulse, 
and that, on the basis of their syncytial character, the auricles and the ven- 
tricles each acts electrically as a single cell. A brief detailed topographical and 
chronological account is presented of the spread of the impulse as the basis on 
which the typical time sequence of the deflections seen in the electrocardiogram 
can be understood. 

b. A discussion follows of the modification introduced into the recording of 
the electric states of the heart produced by the circumstance that the recording 
electrodes are placed at a distance from the source of current. These modifi- 
cations are considered in terms of theoretical charged surfaces interposed between 
polarized and depolarized regions of the heart which alter in position and direction 
of charge as the sources and sinks of current shift during the heart cycle. The 
influence of injury upon such theoretical charged surfaces is also considered. 
Next, the attempt to summate the electric forces created during the heart cycle 
in terms of vector.analysis is presented. Its main limitation is seen in the fact 
that the initial assumptions from which the analysis proceeds are, as yet, crude 
oversimplifications which must lead to a distorted picture of events in the 
heart. 

c. Aside from the distortions generally introduced by considering the body as 
a large sphere of homogeneous conducting properties with the heart at its center, 
individual distortion may be introduced by pathological variation of the con- 
ducting media next to the heart. 

d. Considerably more importance is attached to the effect of modifications in 
the anatomy and physiology of the heart itself in altering the contour and time 
pattern of the normal electrocardiogram. As examples of such modifications of 
the normal heart are discussed differences in size and shape between the infantile 
and the adult heart, the effect of variations in the relative length of the two main 
heart diameters from one heart to another, and the well worked out effect of 
variations in the position of the main axes of the heart with respect to the body. 
Of even more striking effect than these normal variations are, of course, patho- 
logical variations in the anatomy and physiology of the heart which are en- 
countered in disease. 
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The passage of materials across a membrane consisting of cells, e.g., the capil- 
lary wall, requires a consideration of several structural and environmental fac- 
tors. Environmental effects may be mediated through chemical action on the 
structure of the membrane; or they may be mechanical through the exertion of 
pressure on the membrane. The effects of the mechanical factor may be purely 
a matter of degree, variations in the’ amount of material passed through in a 
given time occurring without changing the permeability characteristics of the 
membrane; or they may be qualitative, distending and thereby increasing the 
porosity of the membrane. Even when considering the interrelations of purely 
extrinsic factors such as hydrostatic and osmotic pressure, it is necessary to take 
into account both qualitative and quantitative effects on the fluid-exchange 
across the membrane. The action of specific chemical substances obviously in- 
volves qualitative changes. In this regard an understanding of the structural 
components of the membrane is of prime importance. Moreover, since we are 
dealing with a hemodynamic system, we must treat the permeability of the mem- 
brane in relation to the multiplicity of factors which control the peripheral dis- 
tribution of the blood. 

On the basis of structural factors conditioning the passage of material across a 
cellular membrane we may distinguish three types (1). The permeability of one 
depends entirely on the cells constituting the membrane. This type is exempli- 
fied by secretory epithelium in which the constituent cells perform work in selec- 
tively absorbing material from the environment on the one side, passing 
it through the cytoplasm, and expelling it to the environment on the other side of 
the cell. An example of this kind is the wall of the renal proximal tubule in 
which a one-way permeability is so pronounced that even water is driven through 
in one direction against an osmotic pressure gradient (2). The hydrostatic pres- 
sure developed within such a tubule may be so high that the tubule distends and 
the constituent cells become compressed from their normal cuboidal to a flat 
pavement shape. Moreover, this can occur without affecting the one-way, selec- 
tive permeability of the membrane. 

Any cellular membrane which depends for its permeability on its constituent 
cells must be highly selective. The life of a cell is conditioned by its ability to 
maintain a differential between the environment of the cell and its interior. 
Concerning the penetration of substances into and their escape out of an in- 
dividual cell, much investigation has been done and speculation advanced. But 
even the speculations have never gone so far as to assume that a cell can serve as 


1 Present address: Dept. of Medicine, Cornell University Medical College, New York, 
New York. 
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an indiscriminate thoroughfare for all material existing within certain critical 
dimensions of size. If the passage of materials into a cell, through its cytoplasm 
and out to the other side, is a sole property of colloidal and hydrostatic pressure 
differences, then our whole concept concerning cell-life falls to the ground. 

The second type of cellular membrane has a permeability in which both the 
constituent cells and the intercellular material take part. Hoeber (3) has pre- 
sented evidence for such an occurrence in the intestinal mucosa. In this type, 
the secretory activity of the cellular constituents predominates so that the com- 
position of the fluid passed through the membrane is a mixture of secretion and 
intercellular diffusion products. 

The third type of cellular membrane is one in which the permeability depends 
primarily on the intercellular cement-substance. The réle of the cells would then 
be that of building blocks and be responsible mainly for elaborating the cement 
which lies between them and holds them together. 

The relatively undiscriminating nature of the permeability of the wall of the 
blood capillary classifies the endothelium as a cellular membrane of this third 
type.2 In other words, the permeability réle of the constituent cells would be 
decidedly subordinate to that of the intercellular substance, otherwise the en- 
dothelial cell would have to be so porous as to make it difficult to conceive how 
such a body of protoplasm can maintain the highly specific attributes of a living 
cell (ef. Krogh (4)). 

The mere fact of the thinness of the endothelial cell does not necessarily indi- 
cate that it possesses the wide range of permeability of the capillary wall. Layers 
of living protoplasm as thin as the endothelium possess a high degree of selectivity 
in their permeability to substances in solution. For example, the protoplast 
surrounding the vacuole of a marine plant cell, Valonia, is only a few microns 
thick, nevertheless it maintains a pronounced degree of ionic difference between 
the fluid in the vacuole and the surrounding medium. 

For water and for nonelectrolytes of sufficiently small dimensions, e.g., CO. and 
O., passage into and through a cell may occur by physical diffusion depending on 
concentration gradients and differences of osmotic and hydrostatic forces on the 
two opposite sides of the cell. On the other hand, the cellular transport of elec- 
trolytes has been recognized only in secreting cells through a mechanism in- 
volving expenditure of energy beyond the basal requirements for vital integrity. 
The endothelial cell may serve in the physical transfer of water and presumably 
of dissolved gases but the permeability of the endothelial wall for substances 
such as all electrolytes, large nonelectrolytes and colloidal suspensions is, except 


2 There are special instances when the composition of tissue or body fluids in a particular 
regional area cannot be explained by simple ultra-filtration through the wall of blood ves- 
sels, e.g., synovial fluid, aqueous humor, cerebro-spinal fluid, extracellular fluid of brain 
tissue, etc. In these cases the barrier between the blood and the particular body cavity is 
double, consisting of an endothelial covered by an epithelial layer. Since the evidence 
overwhelmingly indicates that the endothelial layer acts as a simple ultrafilter, a secretory 
mechanism of the epithelial layer is probably responsible for the selective permeability of 
the barrier. 
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for particle size, so non-selective that the cell physiologist would prefer to relegate 
their passage to some constituent of the wall other than the living endothelial 
cells. 

The alternative is the unlikely occurrence of active uptake by cells through a 
complex process of phagocytosis on an ultra-microscopic scale. The uptake by 
living cells of particulate matter is well recognized as phagocytosis. This process 
of ingestion has been extended to the uptake of colloidal dyes by means of ultra- 
microscopic phagocytosis. On the other hand, the only known mechanism for 
the elimination of such particles is either by a dissolution of the cell containing 
the particles or by a pinching-off of a bleb of cytoplasm enclosing one or more 
particles. This must involve expenditure of energy and a complex mechanism. 
It would be highly uneconomical for endothelial cells to use this method rou- 
tinely in transferring particles from the lumen of the blood vessel to the outside. 
Florey (5) injected starch grains into the blood stream and found some lying in 
the endothelium and others outside. His claim for their passage through the 
endothelial cell is by inference only. Field and Drinker (6) observed the 
passage of calcite particles through the endothelial wall. The slowness of the 
passage led them to postulate uptake by the endothelial cell from the blood and 
ejection on the other side of the wall. However, passage through spaces in a 
cement substance, which presumably is sticky, may also be slow. Moreover, the 
physical consistency of the cement substance between the cells must be such as to 
permit the passage of particles of colloidal size up to aggregates and even leuco- 
cytes and red blood cells. 

The material between the cells can act as a physical filter without the expendi- 
ture of energy, a mode of filtration stressed by Landis (11). Such a filter could 
exhibit variations in its limiting porosity of vessels in different tissues and also in 
the same tissue under different environmental conditions. Likewise, the findings 
of Abell (7) that newly developing blood capillaries are more highly permeable 
than later, suggest the gradual development of an interendothelial cement. Wil- 
brandt (8) cites the limiting porosity of the capillaries in the glomerular tuft of 
the kidney to be that of a molecular volume of 68,000. The uppermost limit of 
porosity of a cell membrane has never been claimed to be in excess of 342, the 
molecular volume of saccharose. A route other than the cell proper should be 
postulated in order to account for the passage, in bulk, of molecular aggregates 
through the endothelial wall. 

The term, capillary permeability, has been loosely used without discriminating 
between those phenomena which are indirect in their action, i.e., through forces 
in the blood and surrounding tissues which do not affect the intrinsic property of 
the membrane barrier itself, and those which are direct, i.e., through factors 
which induce actual changes in the composition of the capillary wall. 

A search of the literature reveals the lack of clear-cut evidence for defining the 
type of permeability referable to the changes being discussed. Many of the 
fluctuations in tissue-blood exchange which have been described as evidence for 
altered capillary permeability may not involve actual changes in the structure of 
the capillary wall. Such fluctuations are to be attributed rather to extrinsic 
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phenomena, such as fluctuations in hydrostatic pressure, factors regulating peri- 
pheral blood flow, avidity of extra-capillary tissue for either solute or solvent, 
under normal or experimentally induced conditions, etc. Alterations in per- 
meability to be ascribed to changes in the membrane would be of primary impor- 
tance in pathological phenomena. Under normal conditions it is highly probable 
that factors exist which maintain the capillary wall in a stable physico-chemical 
state. An elucidation of these factors must distinguish between effects on dif- 
ferent components of the capillary wall. 

ARCHITECTURE OF THE CAPILLARY WALL. ‘There is good evidence for the exis- 
tence of three structural components of the capillary wall, variations of each of 
which may alter conditions affecting the passage of materials through the wall. 
These are: the endothelium per se, consisting of pavement-like cells, and an inter- 
cellular cement; an endocapillary lining, which is non-cellular and is possibly 
derived from the circulating blood proteins; and third, a pericapillary sheath, 
which serves as an outer, supporting layer with characteristics common to the 
surrounding connective tissue matrix. 

1. The Capillary Endothelium. The outstanding component of the capillary 
wall is the endothelium proper, the barrier usually considered as regulating the 
passage of materials from blood to the surrounding tissue. Most discussions 
assume that the exchange across the endothelial membrane involves the endo- 
thelial cells and Danielli (9) has gone so far as to postulate a continuous plasma 
membrane as the conditioning factor in capillary permeability. A more likely 
alternative, based on the highly porous character of the capillary wall, is to 
relegate a prominent réle to the intercellular cement acting as physical ultra- 
filter. 

Insistence on the cell as the primary route for tissue-blood fluid exchange would 
necessitate considering the endothelial cell as a radically modified, parchment-like 
cell remnant, an unwarranted assumption since the endothelial cell is known to 
possess fundamental properties of a living cell. It is capable of changing its form 
and size; it possesses tone; it is irritable and reacts to prodding; it undergoes 
mitotic division and, in common with living cells, its nucleus is a prominent struc- 
ture which can be stained with basic dyes only after death. The concept that 
the endothelial cell plays a subordinate réle in the exchange across the capillary 
wall does not imply that the cells are not vitally concerned in maintaining the 
capillary wall as a living structure. Aside from their functions in repair and 
regeneration there is evidence (10) that the endothelial cell elaborates the cement 
substance which binds the cells into a continuous membrane. 

The concept of capillary permeability presented in this review is based on the 
properties of the non-cellular components of the capillary wall. The intercellular 
cement substance serves as a filter, the selective properties of which depend upon 
variations in its porosity. The passage of material through such a membrane 
would depend upon the number, size, shape, distribution and other properties of 
the pores of the cement also upcn the nature of their coating and the extent to 
which the pores can be plugged. 

A quantitative consideration of the passage of substances through the capil- 
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lary wall must take into account the surface area of the cement relative to that 
of the cells available for filtration. Landis (11) cites figures to show that the 
filtration rate across the capillary wall occurs at 3.7 X 10-° cc./em.2/min./atmos. 
This is approximately 100 times the value for the permeability to water of the 
arbacia egg as computed by Lucké. Wilbrandt (cf. 8) made a comparison of the 
absolute water permeability of red blood cells, leucocytes, fibroblasts, arbacia 
eggs and amoebae with that of a blood capillary wall. On the basis of equal pres- 
sure, area and time, he arrived at the same value as that of Landis, i.e., the per- 
meability of the blood capillary to be 100 X that of a living cell. Let us assume 
that the endothelial wall is 99 per cent cellular and 1.0 per cent intercellular and 
let us also assume that the permeability of the individual endothelial cell is the 
same as that of cells which have been measured. Then in 1 sq. cm. of capillary 
wall we would have 0.01 sq. cm. of intercellular cement having a high permea- 
bility and 0.99 sq. cm. surface of the cellular constituent having a low permea- 
bility. The permeability constant as found by Landis could refer to only the 
one hundredth part of the square centimeter wall consisting of cement substance. 
Let us imagine | sq. cm. of wall consisting entirely of the cement substance. The 
permeability constant of this 1 sq. cm. area would be larger by a value of 4 orders 
of magnitude than a comparable area consisting only of cells. Thus, any slight 
change in the nature of the cement should enormously affect the permeability of 
the endothelial wall. The pore size in the cement may vary under different con- 
ditions, e.g., mechanical stretching of the membrane or by changes in the chemical 
nature and pH of surrounding medium. Such changes may influence the amount 
of fluid which passes in a given time. Furthermore, a mere change in shape of 
the pores from an elliptical to a circular, will change the limiting porosity of the 
membrane to colloidal constituents without affecting the rate of water exchange 
(12). 

Intercellular cement. In view of the relative importance of the inter-endothelial 
cement it is necessary to discuss factors concerned with the maintenance of its 
physical state. The early investigators, Ringer, Herbst, Overton, stressed the 
existence of a reversible, organic calcium salt which serves as a cohesive substance 
for binding cells together. The physical state of the cement can be varied by 
changing either the pH or the calcium content of the medium (cf. 10). This 
non-cellular constituent of the capillary wall was recognized by Cohnheim in his 
earlier papers about 1867 and by Arnold in 1887 who claimed that a loosening of 
the cement substance may become so great as to result in the formation of stig- 
mata through which diapedesis occurred. Rabl, in 1893, suggested that the 
inter-endothelial lines, made visible with silver nitrate, were due to the formation 
of a silver proteinate. 

The capillary circulation in the frog’s mesentery has proven to be an excellent 
region for experimental studies on the réle of the interendothelial cement (cf. 10). 
Artificial perfusates containing ash-free gelatin were used, the calcium content 
and pH of which were varied within viable limits. The gelatin was used since 
without it the Ringer’s solution, even with the normal complement of calcium and 
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at the blood pH of 7.4, soon resulted in excessive edema indicating an abnormal 
permeability of the capillaries. 

Changes in the physical state of the inter-endothelial cement could be detected 
by the adhesiveness to it of carbon particles suspended in the circulating per- 
fusate. An increased sticking indicated a softening of the cement. Adhesive- 
ness of India ink to the endothelium has generally been taken, e.g. by Landis, to 
indicate abnormal increase of permeability. Under normal conditions only 
occasional particles of carbon adhere to the vessel wall. When the acidity of the 
perfusate was increased or its calcium content was decreased there occurred an 
increased sticking and accumulation of the carbon particles especially along the 
inter-endothelial lines of the capillary wall. The softening of the cement was 
accompanied by a marked edema. ‘The accumulation of the carbon along the 
endothelial lines indicated where the outward filtration of fluid was most pro- 
nounced. When excess calcium was present no such accumulation of carbon 
occurred along the inter-endothelial lines; moreover, no edema developed. 

Under normal conditions the cement is being continually replaced. This was 
graphically demonstrated by applying a small quantity of 10 per cent silver nit- 
rate with a micropipette to the surface of a capillary. The inter-endothelial 
lines immediately blackened and, as the blood flow continued, a blackened, amor- 
phous material dropped off into the stream. The absence of any sign of leakiness 
or visible alteration in the flow indicated a continuous replacement of the cement 
as it was washed away. Micro-trauma invariably is accompanied by increased 
leakiness in the affected area. With more severe trauma a striking phenomenon 
is the appearance of transparent, glutinous masses exuding from the inner wall. 
These masses, made obvious by the carbon sticking to them, slough off and are 
carried downstream. The increased porosity of the vessel wall is indicated by a 
slowing of the blood stream as it approaches and passes by the affected region. 
In the region of sluggish flow the red cells become crowded together. After a 
few minutes the normal rate of flow returns with a recovery of the capillary wall 
to its former normal state. The reversibility of the phenomenon, from the de- 
velopment of a leaky state to eventual recovery, indicates a reconstitution of the 
cement which had been lost following the initial injury. 

The suggestion is offered that an important réle of the endothelial cell is the 
elaboration of an intercellular cement, the chemical stability and reactivity of 
which control the permeability of the blood capillary. 

2. Endocapillary Layer. Another component of the capillary wall is a thin, 
non-cellular layer lining the inner surface of the endothelium. Its formation has 
been ascribed to the adsorption of a blood protein (13). 

Danielli, in studies on perfused hind-legs of the frog, has offered indirect evi- 
dence for an adsorbed protein layer based on differences in the porosity of the 
capillary wall which occur with variations in the colloidal content. of the perfu- 
sion fluid. He used a variety of colloids in isosmotic concentrations and found 
the order of relative efficiency in preventing edema, i.e., reducing capillary per- 
meability to be: serum > acacia > ovalbumin > hemoglobin. He postulated that 
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certain blood proteins have a specific tendency to be adsorbed on the walls of 
the capillary pores and suggested that the particle size of the colloidal constitu- 
ents play an important réle. Such an adsorption mechanism would explain the 
findings of Krogh and Harrop (14) and of Drinker (15) that the edema caused by 
a perfusate of 3 per cent gum acacia can be markedly reduced by the addition of 
small amounts, e.g., 10 per cent, of blood serum. 

Danielli also brought up the interesting point that certain basic proteins, e.g., 
clupein, added to serum, cause an increase in capillary permeability when the 
perfusate is kept at a constant pH. He suggested that the increased permea- 
bility is due to a displacement of the adsorbed plasma protein layer by the more 
highly surface-active clupein which forms a much thinner layer than does plasma 
protein. 

In our investigations on the action of calcium and of pH on the inter-endothelial 
cement we were struck with the fact that perfusion fluids consisting of purely 
crystalloidal solutions, even with adequate calcium and proper pH, induced 
leakiness of the capillary wall with consequent edema although there was no in- 
dication of deficient inter-endothelial cement. This suggested that in the ab- 
sence of a colloid the cement filter, although intact, lacks a physical component 
which is furnished by a colloid. The cement filter is porous enough to permit 
passage of colloidal material. A change in porosity occurs with the addition of 
slight amounts of a colloid which probably clogs the cement filter, thereby di- 
minishing its porosity. Evidently, the adsorbed colloid constitutes the endocapil- 
lary layer. We used various colloids and found their relative efficiency in causing 
a recovery of a leaky capillary to be of the order: blood serum > bovine albumin 
> ash-free gelatin > gum acacia. This accords with similar findings of Danielli 
in relation to perfused blood vessels. 

Direct microscopic evidence for such a layer has not been forthcoming. A 
near approach has been from observations of the frog’s mesentery perfused with a 
crystalloid, frog-Ringer’s solution containing Evans blue which is known to com- 
bine with blood albumin. During the perfusion thin strands and sheets of a 
faintly colored blue, translucent material were seen sloughing off the inner surface 
of the capillary and being carried away in the stream. This sloughing continued 
for 10 to 15 minutes during which the mesentery became increasingly edematous. 
Changing the perfusate to one containing either 1 per cent gelatin or 10 to 20 
per cent frog or fowl serum resulted in an appreciable reduction of the edema. 
When the perfusion fluid was changed back to the original crystalloidal solution 
with Evans blue there again appeared the sloughing off of faintly colored sheets of 
glutinous material. 

3. Pericapillary Sheath. The existence of a supporting tissue investing blood 
capillaries has been suggested by several investigators, e.g., Heimberger (16), 
Benninghof (17), Midsumo (18) and Michels (19). Volterra (20a) made ex- 
tended studies on this subject and has clearly demonstrated the presence of a 
closely fitting, investing layer of argentophil fibrils over the outer surface of the 
endothelium of capillaries. Such an investment is well exhibited in brain tissue. 
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In other tissues it appears to be continuous with argentophil fibrils surrounding 
glandular alveoles, muscle fibers, nerves, etc. 

Volterra obtained variations in the amount of blood flowing through a given 
tissue to be in accordance with changes in pH and electrolytic content of the per- 
fusate. He ascribed this to differences in action of the perfusate on the peri- 
capillary sheath thereby conditioning the size of the vessels in the capillary bed. 
The significance of Volterra’s conclusions lies in his conviction that variations in 
the amount of the circulating fluid may be referred to the supporting tissue with- 
out the necessity of assuming changes in the endothelium proper. This conclu- 
sion was not verified by looking for actual changes in the capillary structure. 

In an earlier paper (20b) he describes, in cases of nephrosclerosis and hyper- 
tension, a transformation of the pericapillary sheath from the normal delicate 
layer containing finely anastomosing argyrophilic fibrils into a thick layer which 
may be hyalinized. Under such conditions he observed the presence of red blood 
cells permeating the wall and believed this to indicate an increased porosity of the 
vessel. More recently, Gorev and Smirnova-Zamkova (21) described similar 
changes, in cases of edema and hypertension, in a layer which they termed a he- 
matoparenchymous barrier. The existence of a pericapillary sheath and its 
possible réle in various pathological conditions makes a study of the normal 
properties of the sheath one of prime importance. 

The presence of a relatively stiff layer of material against the outer surface of 
the capillary endothelium is evident when a white blood cell is undergoing dia- 
pedesis. The extruded portion of the diapedesing cell never moves directly 
away from the wall but spreads over the outer surface of the endothelium and 
remains for some time pressed closely between it and the pericapillary sheath. 
The cell finally works its way through the interstices of the sheath to move more 
freely in the less resistant regions of the connective tissue matrix. The relation 
of this sheath to the connective tissue is suggested by the fact that agents which 
affect the connective tissue matrix appear to exert a similar action on this peri- 
capillary sheath. We have made intravenous injections of the mucolytic 
enzyme, hyaluronidase,’ and also have applied solutions of it with micropipettes 
on the surface of capillaries in the mesentery of the frog. In both cases there 
was no evidence of increased stickiness of the capillary wall or of any increase in 
permeability. A significant feature which did occur was the abrupt development 
of microscopic petechial hemorrhages. These occur through spots in the wall 
weakened by the softening of the supporting connective tissue sheath and, there- 
fore, easily ruptured by the internal blood pressure. We regard hyaluronidase as 
a factor in accentuating capillary fragility rather than in inducing direct changes 
in capillary permeability (22). 

Moreover, we found that bacterial toxins‘ (Shiga exotoxin, Clostridium 


4The hyaluronidase was prepared from testicular extracts and supplied through the 


courtesy of Dr. Karl Meyer of the College of Physicians and Surgeons, Columbia Univer- 
sity, N. Y. 


‘ These bacterial toxins were supplied through the courtesy of Dr. René Dubos of the 
Rockefeller Institute and Dr. Colin MacLeod of New York University College of Medicine. 
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welchii, C. perfringens and C. septicum), injected into the blood stream of rats, 
cats and dogs, caused the production, several hours later, of petechial hemor- 
rhages among the mesenteric and omental capillaries with no evident dissolution 
of the inter-endothelial cement. These bacterial toxins are known (23) to con- 
tain a hyaluronidase component to which the increased fragility of the capillaries 
can be attributed. We therefore regard Duran-Reynal’s (cf. 22) postulate that 
hyaluronidase regulates capillary permeability as being concerned with an in- 
crease in fragility of the capillary wall rather than with the more readily rever- 
sible phenomenon of changes in capillary permeability. 

4. Micromanipulative Studies on the Capillary Wall. The structural make-up 
of the normal capillary wall is so delicate that mechanical handling even on a 
micrurgical scale invariably produces changes in its permeability characteristics. 
This has already been indicated by Landis (cf.11). The reversibility of such an 
injury depends upon the intensity of the change produced. Merely moving the 
tip of a microneedle back and forth in the close vicinity of a capillary will inflict 
an evanescent injury sufficient to cause an outflow of fluid. This is made evident 
by an approach, to the injured spot, of red cells and an outward leakage of dye. 
In mammals there also occurs a temporary sticking of platelets to the inner 
surface of the capillary wall. A more drastic reaction, but one which is still 
reversible, can be occasioned by gently rubbing the surface of the capillary with 
the blunt tip of a microneedle. This induces not only a sticking of platelets and 
of leucocytes but also a rapid escape of dyes of relatively large colloidal dimen- 
sions, such as Evans blue. The leakiness of the wall may become so high that 
the red cells are diverted from their forward course and applied against the 
inner surface of the vessel. With still more severe injury but insufficient to 
cause actual rupture, red cells may be passed through minute openings to the 
outside. The various effects, grading from a slightly increased porosity to a 
pronounced leakiness, are similar to those observed when perfusion fluids are 
used which are deficient in calcium or are more acid than normal. Similar 
effects are obtained when the adjacent tissue is acidified. Evidence of this 
has been obtained (24) by depositing a microdrop of olive oil containing glacial 
acetic acid in the vicinity of a capillary. 

All the procedures, viz., microtrauma, use of calcium-deficient perfusates, 
calcium-containing, acid perfusates, or local acidification, act by softening (made 
evident by carbon sticking) and dissolving the inter-endothelial cement. The 
changes in the cement caused by the microtrauma are possibly due to a local 
production of an “acid of injury’. An additional factor is the contracting . 
reaction of individual endothelial cells. Contiguous cells can be made to with- 
draw from one another sufficiently to loosen the cement between them. An 
extreme example of the latter type of change is the shrinkage reaction of the 
endothelial cells to hypertonic sucrose or mannitol solutions locally applied 
with a micropipette. The cells retract from one another to the extent that 
spaces between them become studded with dumb-bell shaped red cells partly 
extruded through the vessel wall. As the hypertonicity passes off the endo- 
thelial cells return to their normal expanded condition and close ‘the spaces 
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between them. The red cells, caught in the wall, then either move out, fall 
back into the vessel, or become pinched in two (25). 

SUMMATION ON SIGNIFICANCE OF ARCHITECTURE OF CAPILLARY WALL. The 
preceding analysis of the constitution of the capillary wall presents a structural 
basis concerned with the interchange of material between blood and tissue. 
The inter-endothelial cement serves as the basic framework, the porous interstices 
of which vary with changes in the electrolytic balance of the medium. The 
endocapillary lining appears to be an adsorbed layer of a blood protein which 
penetrates the interstices of the cement and serves further to regulate the pore 
size of the cement filter. The third constituent is the pericapillary sheath 
which appears to be a condensation of connective tissue serving to give mechani- 
cal support to the blood capillary. It is probably sufficiently porous to allow 
free passage for the fluid part of the blood. 

Each of the above three components can be affected separately by a variety 
of conditions so as to induce changes in the permeability of the wall. Hence it 
is difficult to assume a single permeability factor, such as a permeability hormone 
or vitamin, to account for the overall maintenance of fluid balance between 
blood and tissue. 

It is to be noted that variations in the permeability of the capillary can be 
accounted for by changes in the non-living components of the capillary wall. 
An important function of the endothelial cells appears to be the elaboration of 
the cement. In extreme cases, since they are irritable, the cells can contract 
or expand and in this way affect the porosity of the wall by changing the physical 
characteristics of the cement filter. 

TOPOGRAPHY OF THE CAPILLARY BED. Since capillary permeability is in- 
timately related to hemodynamic aspects of the peripheral circulation, it is 
necessary to review briefly the factors concerned in the distribution of blood 
through the capillary bed. It is unfortunate that an understanding of the 
actual anatomical topography of the capillary bed has been generally overlooked 
in attempts to elucidate its functional activities. The tendency has been to 
consider the capillaries as simple tubes with the only anatomical differentiation 
of classifying them as arterial or venous. 

Topographical studies of the capillary bed have shown that the vascular 
components may be of different sorts which are precisely arranged into organ- 
ized units of structure and function (26). In some tissues the capillaries have 
no discernible organization. This type is found in tissues which maintain a 
fairly constant level of flow volume. In other tissues, where nutritive demands 
vary with changes in functional activity, a well defined pattern exists, e.g., in 
the muscular system and in the gastro-intestinal tract. During periods when 
the tissue is inactive the flow is restricted to preferential channels, while during 
periods of increased activity the flow becomes widespread throughout the capil- 
lary network. 

The ‘preferential vessels have beem termed thoroughfare or a-v channels. 
The proximal portion of these channels, termed metarterioles, together with 
their precapillary sphincteric offshoots, are muscular and spontaneously undergo 
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periodic changes in caliber. This type of movement has been termed vaso- 
motion, a slow intermittency of partial relaxation and constriction at intervals 
of about 30 seconds to 3 minutes. The vasomotion serves as a mechanism for 
restricting the blood flow to the thoroughfare channels or permitting it to become 
more widespread through the capillary bed. It is the mechanism which locally 
adjusts the peripheral flow to the needs of the tissue. The precapillary sphinc- 
teric offshoots lead into an inter-anastomosing system of true capillaries (devoid 
of muscular elements) which constitutes the bulk of the bed. The capillaries 
rejoin the distal continuation of the thoroughfare channels through inflowing 
tributaries. 

The hydrostatic pressure in any of the true capillaries throughout the bed 
is extremely variable. It depends from moment to moment on the intermittent 
state of the precapillary sphincters and on the efficiency of the venous outflow. 
On the other hand, the thoroughfare channels maintain a proportionally con- 
stant pressure relationship between their arteriolar and venous ends. This 
condition depends largely upon the pressure in the arterioles leading into them. 
The venous outflow from the bed is determined by the rate and magnitude of 
the flow through the thoroughfare channel. 

Thus, the thoroughfare channel is the basic structural and functional com- 
ponent of the capillary beds. The capillary network is accessory to it and 
exhibits great variability in its rédle in fluid exchange. This variability was 
noted by Landis and is reflected in the high degree of scattering exhibited in 
recorded measurements on intracapillary pressure (Landis (27)). Such measure- 
ments would be of greater significance and more consistent if they were made 
on the arterial and venous segments of the thoroughfare channels. 

The relatively low hydrostatic pressure in the true capillaries throughout 
the bed is accomplished by the resistance offered through the sharp, backward 
twisting of the junctional portions of the outflowing precapillary offshoots, 
together with the relatively wide postcapillaries which lead into the distal 
portion of the thoroughfare channel. The sphincteric action of the precapillary 
musculature is a further factor in sharply lowering the arterial pressure as the 
blood enters the true capillaries. 

The flow through the thoroughfare channels is usually distinctly more rapid 
than elsewhere in the bed, and the fall in hydrostatic pressure from their arteriolar 
to their venous ends must be of lesser magnitude than that which occurs in the 
side branches. As a result, the channel is to be considered as the predominating 
region for outward filtration while inward filtration would be a characteristic 
function of the true capillaries. The occurrence of outward and inward filtration 
at different sites makes it unnecessary to assume that the movement of fluid 
and of suspended materials should occur simultaneously in opposite directions 
through the wall of the same capillary vessel. 

VASOMOTION AND ITS INFLUENCE ON FLUID EXCHANGE’. Vasomotion is the 


5 This and other sections constitute an amplification and an analysis of accumulated ob- 
servations from a group study on the capillary circulation in secondary shock by the authors 
with E. L. Chambers, G. H. A. Clowes, G. W. Duncan, C. G. Grand, C. Hyman, M. J. Kopac, 
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term applied to the spontaneously occurring periodic relaxation and constriction 
of the thoroughfare channel and of its precapillaries (cf. 10). The dilator and 
constrictor phases of the ‘vasomotion alternate irregularly from minute to minute, 
and the duration of one or the other phase varies under different physiological 
conditions. The vasomotion of the muscular, proximal portion (the metarter- 
iole) of the thoroughfare channels is wavelike and exerts a milking action on 
the inflowing postcapillaries which lead into the distal portion of the channel. 
Normally, the blood-flow through the channel is fairly constant as a result of 
which its hydrostatic pressure should remain relatively high. The vasomotion 
of the precapillary offshoots, manifested by an opening and closing of their 
sphincters, conditions the flow through the true capillaries among which it 
occasions alternate periods of varying hydrostatic pressure. The relative 
duration of these periods varies greatly under different conditions. The fluid 
exchange in the capillary bed is thus greatly influenced by the character of the 
vasomotion. This delicately balanced activity depends upon a nervous factor, 
which is vaso-excitor, and on humoral factors which may be either vaso-excitor 
or vasodepressor. The tissue origin of some of the humoral factors offers a 
means for the vasomotion to act as a mechanism for locally regulating the dis- 
tribution of the blood and, thereby, the extent and duration of inward and of 
outward filtration in the capillary bed. 

The direct action of the vasomotion affects the fluid exchange by determining 
the flow of blood to be either by way of the thoroughfare channels or of the 
true capillaries. The fluid exchange is also affected indirectly by the influence 
which the distribution has on the rate of venous outflow from the capillary 
bed. For example, when vasomotion is deficient or absent, the precapillaries 
remain open and the propelling force of the pressure transmitted by the arterioles 
becomes dissipated through the numerous capillaries of the bed. This spread 
of flow causes a slowing in the rate of overall movement through both capillaries 
and thoroughfare channels with the result that blood tends to accumulate in 
the collecting venules. This induces sufficient back pressure to favor an overall 
outward filtration. On the other hand, when vasomotion is active, the flow 
through the capillary bed is increasingly restricted to the preferential channels 
so that the propelling force of the arterial pressure through them is sufficient to 
enhance a rapid flow in the collecting venules. The rapid venous flow favors 
drainage into the venules from the true capillaries in which inward filtration is 
thereby accentuated. 

We may recapitulate the influence of vasomotion on the effectiveness of the 
hydrostatic and of the colloid osmotic pressures in the different regions of the 
capillary bed. Variations in vasomotion are of two sorts: first, alterations in 
the rate of the intermittent caliber changes of the thoroughfare channel and, 





M. E. Krahl, R. E. Lee and B. E. Lowenstein, published and being published in the Am. J. 
Anat., Am. J. Physiol., Annals of Surgery, Proc. Exper. Biol. and Med., and Surgery, Gynec. 
and Obstetrics. Much of the work was presented in the periodic reports sent to the 
Committee on Medical Research of the O. 8S. R. D. and to the subcommittee on Aviation 
Medicine of the National Research Council during the years of 1941 to 1945. 














448 ROBERT CHAMBERS AND B. W. ZWEIFACH 


second, alterations in the relative duration of the constrictor and the dilator 
phases of the precapillary sphincters. The most effective hydrostatic pressure 
occurs in the thoroughfare channel along the length of which the onward flow 
is fairly constant and rapid. Moreover, the rate of vasomotion of the channel 
determines the rate of venous outflow from the bed by its influence on the inflow 
from the postcapillaries which lead into its venous end. 

The colloid osmotic pressure should be most effective in the network of true 
capillaries for absorbing fluid from the tissue. However, its effectiveness is 
variable and depends upon shifts in the hydrostatic pressure conditioned by 
the relative duration of the successive constrictor and dilator phases of the 
precapillary sphincters. The consequent periods of flow and of no flow in the 
true capillaries constitute a mechanism whereby the colloid osmotic pressure 
is periodically greater than the hydrostatic pressure. The existence of varying 
pressure conditions was inferred by McMaster (28) who demonstrated the 
intermittency of fluid uptake in the subcutaneous tissue by inserting a micro- 
pipette into the skin. 

Finally, the hydrostatic pressure in the thoroughfare channels also depends 
on the vasomotor activity of the terminal arterioles outside the capillary bed. 
This activity of the terminal arterioles tends to maintain the hydrostatic pressure 
in the thoroughfare channels at a constant level despite fluctuations in the 
systemic blood pressure. The arterioles accomplish this by undergoing con- 
striction when the arterial pressure rises, and by dilating when the pressure 
falls. Under certain conditions the arterioles can be affected, e.g., after an 
intravenous injection of fever-producing toxins (unpublished data). The 
arterioles then become dilated while no change occurs in the normal rhythm of 
the vasomotion of the thoroughfare channels. This phenomenon is accompanied 
by hemoconcentration made evident by close packing of blood cells in the col- 
lecting venules. The following mechanism is suggested for this condition. The 
dilated arterioles permit the blood to enter the capillary bed under an increased 
head of pressure. At the same time the maintenance of the normal periodicity 
of the vasomotion favors the flow through the thoroughfare channels. This 
produces an excessive outward filtration as a result of the increased pressure in 
the channel. On the other hand, the true capillaries maintain their normal 
intermittency with no corresponding increase of inward filtration. The result 
is that the overall balance favors outward filtration with consequent hemo- 
concentration. 

It is also possible to have hemodilution with no change in the vasomotion. 
This occurs when the head of pressure entering the capillary bed is significantly 
reduced. Such a situation occurs immediately after the onset of bleeding in 
acute hemorrhage. The larger arteries and arterioles undergo widespread 
vasoconstriction to compensate for the suddenly reduced blood volume. The 
constriction also occurs in the terminal arterioles so that the effective hydrostatic 
pressure in the thoroughfare channels is lowered with a consequent reduction 
of outward filtration. However, vasomotion remains active with good venous 
outflow so that inward filtration is maintained at a normal rate in the true 




















INTERCELLULAR CEMENT AND CAPILLARY PERMEABILITY 449 


capillaries. This shifts the balance in favor of inward filtration, resulting in 
hemodilution. ) 

The above phenomena illustrate imbalances in fluid-exchange in the capillary 
bed with no disturbance in vasomotion, the imbalance resulting only from 
changes in the vasomotor activity of the terminal arterioles. There are also 
instances in which a change in the intensity of vasomotion alters the balance 
of fluid-exchange. For example, when the loss of blood during acute hemorrhage 
exceeds two per cent of the body weight, the vasomotion becomes accelerated 
with a still further accentuation of hemodilution. This can be explained as 
follows. As the frequency of the vasomotion increases, the duration of the 
constrictor phases becomes prolonged relative to the dilator phases. Con- 
comitant with the long constrictor phases which reduce transmission of pressure 
into the side branches there is a progressively longer period during which the 
hydrostatic pressure in the true capillaries remains extremely low. As a con- 
sequence, inward filtration and tissue dehydration become still further accen- 
tuated. An additional aid in this direction is the increased frequency of the 
precapillary sphincteric contractions, producing a pronounced intermittency of 
the flow through the capillary bed. Moreover, the wavelike milking action of 
the thoroughfare channel facilitates drainage of the post-capillaries into the 
venous circulation. 

We have been considering instances in which either the vasomotion or the 
state of contraction of the feeding arterioles can be affected separately. When 
both are suspended simultaneously, edema results. A cessation of vasomotion 
together with a dilated state of the feeding arteriole flushes the entire bed, 
resulting in excessive outward with little or no inward filtration. 

In summary, deficiency or absence of the vasomotion shifts the balance of 
fluid exchange in favor of outward filtration while enhanced vasomotion shifts 
the balance to inward filtration. Thus, the hemodynamic relations of vasomo- 
tion and the forces set up by movement of fluid through one or another of the 
vascular components of the bed must be regarded as of major significance in 
affecting fluid exchange between the blood and tissue. It follows that some 
types of edema are the result of disturbances in the vasomotion mechanism 
and do not necessarily involve alterations in the permeability of the capillary 
wall. 


A list of the factors which influence vasomotion is of interest in this discussion. 
Enhanced vasomotion occurs with acute hemorrhage, sympathetic stimulation, 
intravenous administration of adrenalin, of angiotonin or of adrenal cortical 
extract. Diminished vasomotion occurs with a rise in temperature within 
viable limits of 37.5 to 41°C, decrease in temperature, direct trauma, increased 
vital activity (muscular exercise, secretory activity, etc.), or elaboration of 
vasodepressor principles following prolonged anoxia. Many agents which 
have been found to increase capillary circulation do not necessarily depress 
vasomotion. Among these have been found histamine, adenylic acid, adenosine, 
kallikrein and acetylcholine (unpublished data). 
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VASOMOTION AND LYMPH FLOW. ‘There is an intimate relation between 
vasomotion and the rate of lymph flow in the terminal lymphatic channels. 
This was studied in the mesentery of the cat, dog, mouse and rat. During the 
resting state of a tissue the vasomotion is active to the extent of producing 
relative ischemia, and little or no flow of lymph can be discerned in the terminal 
lymphatics. The absence of an active flow throughout the bed makes the 
large surface furnished by the true capillaries available for inward filtration and 
leaves no excess in the tissues. 

On the other hand, during the active state of a tissue the vasomotion becomes 
diminished so that an overall, hyperemic flow is favored. This is accompanied 
by an appreciably increased flow of lymph in the terminal lymphatics. The 
prolonged periods during which the precapillary sphincters remain dilated 
favor outward filtration in the true capillaries. Edema is prevented only by an 
absorption of fluid into the lymphatic capillaries. 

GRADIENT OF PERMEABILITY. Starling’s (29) stimulating concept of fluid 
transfer between blood and tissue is undoubtedly true as an overall aspect of the 
phenomenon. According to this concept outward filtration occurs where the 
hydrostatic pressure is greater than the colloid osmotic pressure of the blood 
while inward filtration occurs where the conditions of pressure are reversed. 
Difficulties arise when one attempts to allocate specific regions in the capillary 
bed where outward and inward movements of fluid occur. According to 
Starling’s postulate, the wall of the capillaries throughout a given tissue possesses 
uniform characteristics of permeability. Fluid transfer under physiological 
conditions would then depend solely on pressure relationships of hydrostatic 
and collloid forces. 

Landis (27, 30, 31, 32, 33) in his well-known micromanipulative determinations 
of capillary blood pressure, found considerable variation in the values obtained. 
By averaging the pressure readings, he found that those from the arterial side 
of the bed tended to be significantly higher, and that those from the venous 
side of the bed were lower than the known colloid osmotic pressure of the blood. 
He concluded that outward filtration of fluid and its absorption through the 
wall of the capillaries is a function of the observed intracapillary pressure. 
Confirmatory findings were obtained by Gordon-K6niges and Otté (34) from 
their micromanipulative experiments on the capillaries of the intestinal villi 
of the cat. They found that the flow in the lacteal of the villus was correspond- 
ingly greater the higher the capillary blood pressure. 

Landis takes the view that the preponderantly higher blood pressures obtained 
by him among the capillaries in the arterial regions of the bed in the frog’s 
mesentery, indicate that outward filtration, on the average, occurs in the arterial 
region of the bed while absorption of fluid from the tissues occurs in the venous 
capillaries where the average hydrostatic pressure tends to be lower than the 
colloid osmotic pressure of the blood. He obtained evidence in support of this 
from the ingenious experiment of placing the blunt end of a micro-rod across a 
flowing capillary so as to occlude its lumen locally and obstruct the flow. He 
obtained values for the pressure in the arterial end of the capillary proximal 
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to the obstruction indicating that it had assumed the value of that of the vessels 
which had been flowing into it, while the pressure distal to the obstruction fell 
to a minimum and acquired a value corresponding to the vessel flowing from 
it. The crowding together or the moving apart of the corpuscles in the two 
segments of the capillary, taken by him to indicate outward or inward filtration, 
was consistent with the degree of pressure he recorded in relation to the known 
colloid osmotic pressure of the blood. The procedure of occluding the capillary 
with a micro-rod requires very careful technique because of the extraordinary 
ease with which damage may be inflicted, causing an abnormal increase in 
porosity of the wall in the obstructed region. Furthermore, it is obvious that 
the pressure conditions induced by the obstructing needle do not necessarily 
prevail in the same capillary when the obstructing needle is not there. We 
have obtained similar results with capillaries irrespective of the position of the 
capillary in the capillary bed provided the capillary exhibits a good flow prior 
to the placement of the obstructing needle. 

In his 1926 paper (cf. 33) Landis distinguished between the capillaries which 
are in more or less direct relation with the finest arterioles and the venous capil- 
laries which merge to form the venules. He noted particularly that the capil- 
laries, where they spring from the arterioles, are narrow and at times exhibit 
“slit-like openings”. He remarked on the conditions at the arteriole-capillary 
junction as being related to his observed ‘‘rather sharp reduction in the pulse 
pressure on passing from the arteriole to the capillary”. The junctional regions 
of these capillaries are doubtless the vessels we have termed the precapillaries, 
possessing muscular sphincters, and which we have described as springing both 
from terminal arterioles and from the periodically constricting proximal portions 
(metarterioles) of the thoroughfare channels. 

The question now arises as to the regional distribution of the vessels in the 
capillary bed which are concerned with the outward and those with the inward 
transport of fluid across their walls. Rous, Gilding and Smith (35), arguing 
from the more rapid escape, at the venous end of the capillary bed, of dyes 
introduced into the blood stream, claimed that the porosity of the vessel at 
the venous was greater than at the arterial end and that outward filtration also 
occurred there. 

Landis (36) dismisses the possibility that the diffusion of dyes is always a 
dependable measure of the direction and rate of fluid transport since diffusion 
may conceivably occur in the opposite direction to fluid flow. Danielli, in 
support of the Starling theory, has offered the hypothetical explanation that the 
observed accumulation at the venous end is due to the reabsorption of fluid 
leaving behind whatever dye has escaped. 

The suggestion is made here that the introduction of a concept regarding the 
capillary bed as possessing a pattern of specialized units of function built about 
the thoroughfare channels may bring into harmony the seemingly divergent 
points of view held by Landis and by Rous and his co-workers. 

According to our view the thoroughfare channel is pre-eminently the site 
for outward filtration while the true capillaries, which branch off from the 
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channels (as outflowing vessels at the proximal and as inflowing at the distal 
end of the channel), serve largely for inward filtration especially during the 
resting stages of the tissue involved. 

Landis himself commented on the great variability of the values in his recorded 
capillary pressure readings. He states that the pressures differed not only in 
different capillaries coming from the same arteriole but also in the same capillary 
from moment to moment. On the average, the more rapid the flow in a given 
capillary the higher was the recorded pressure. This variability may be ac- 
counted for, at least in part, by the periodic opening and closing of the pre- 
capillary sphincters. The conditions affecting this activity in ischemia and 
hyperemia are discussed elsewhere in this article. 

The findings of Smith and Dick (37a) are of interest in this regard. They 
introduced into the circulation a continuous stream of glucose immediately after 
an intravenous injection of Chicago blue 6B, a poorly diffusible colloidal dye. 
They found a great increase in the plasma volume, indicating passage of fluid 
from the tissues to the blood. Despite the evident dehydration of the tissues, 
they observed that the accumulation of the dye outside the capillary bleod 
vessels occurred in the same venous regions as described by Smith with Rous 
and others. They concluded that the movement of fluid from the tissues to 
the blood does not essentially alter the gradient of vascular permeability. 
Moreover, their findings have been interpreted as meaning that outward diffusion 
of dye and inward filtration or absorption of fluid can occur simultaneously in 
the same vessels. 

This raises the issue regarding diffusion of a dye against a current of moving 
fluid. In our observations the diffusion of dye outward through the wall of the 
thoroughfare channel is too rapid to permit any other assumption than that 
the dye is being carried with the stream of the fluid in which it is suspended. 
In the words of McMaster and-his associates (37b) concerning dyes in aqueous 
solution “where water goes they may be expected to go, unless their molecules 
are large enough to be held back selectively by the membrane’’. 

We may now consider the alternative that the influx of fluid occurs in a 
region of the capillary bed other than that from which the dye was escaping. 
According to our findings, the inflow of fluid which makes for hemodilution 
occurs in the true capillaries where the hydrostatic force is generally insufficient 
to drive fluid out. In the case of Smith and Dick’s experiments the hypertonicity 
of the sugar solution would increase the effectiveness of the colloid osmotic 
pressure of the blood in absorbing fluid into the true capillaries. At the same 
time the escape of dye would continue along the thoroughfare channels which 
are increasingly porous along their distal portions and which evidently maintain 
sufficient hydrostatic pressure to overcome the effect of the hypertonicity induced 
by the sugar solution. 

The accompanying diagram (fig. 1) presents three concepts regarding fluid 
movement in the*capillary bed. 

The capillary bed is represented as a tube passing from a, the artery, to v, the 
vein. The arrows show the direction of blood flow and of fluid movement 
across the capillary wall. 
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X presents the concept of Rous and his associates in which the arrows only 
apply to the preponderancy of dye-escape at the venous end. 

Y presents Starling’s concept as demonstrated and amplified by Landis from 
his capillary blood-pressure determinations. In this, the fluid movement is 
predominatingly outward at the arterial end and inward at the venous end. 

Our concept combines X and Y. X represents the thoroughfare channels 
in which outward filtration occurs together with the phenomenon of vasomotion 
which intermittently opens and closes the precapillary sphincteric offshoots. 
The latter lead into Y, the true capillaries, in which the inward and outward 
filtration of fluid depends on continually occurring variations in the capillary 
blood pressure produced by the vasomotion of the sphincters. Toward the 
venous end the variability of pressure shifis to favor inward filtration or ab- 


x 























Fig. 1. Presenting three concepts regarding fluid movement in capillary bed. 


sorption. The post-capillaries widen as they join the distal portions of the 
thoroughfare channels at an acute angle in such a manner that the blood in 
them is drawn into the channel analogous to the way that a vacuum jet operates. 

Variations from the third sketch, X and Y, do occur, e.g., the precapillaries 
frequently lead off directly from terminal arterioles and the post-capillaries 
may lead directly into typical venules. However, the functional feature is 
the same, i.e., the intermittency of action of the precapillary sphincters and 
the peculiar arrangement of the post-capillaries. Fluctuations of pressure in 
the post-capillaries may occur from the occasional development of a significant 
venous back-pressure. Such fluctuations may change the direction of movement 
across the capillary wall. 

The gradient of permeability in the thoroughfare channel seems to represent 
a gradation in the limiting dimensions of the pores along the wall of the vessel. 
This is indicated by introducing dyes of graded particle size into the circulation 
and noting their escape along the channel. The results have warranted the 
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conclusion that there is a gradual increase in the relative number of the larger 
pores toward the end where the blood is most venous. 

The experiments of experimentally re-routing the venous blood indicate that 
the size and number of pores is a variable feature (38). 

The direction of the gradient can be upset experimentally. By compression 
of appropriate channels with a microneedle, the flow through the capillary 
bed was reversed. After a short period of time a new gradient was established, 
an increasing porosity now becoming evident toward the original arterial side 
of the capillary bed. Thus, when blood from the venous vessels was re-routed 
back through the thoroughfare channel, a marked increase in the porosity of 
the vessel wall occurred, colloidal dyes such as T-1824, to which only the venous 
end is normally permeable, now passing out along its entire length. The 
gradient, therefore, appears to be a result of some factor in venous blood and 
not due to permanent, structural differences in the vessel wall. 

A gradient of porosity is also of significance in the passage of water through 
the capillary membrane. The diameter of the pore is of prime importance 
since any increase in diameter affects the magnitude of the filtration to the 
second power of the diameter. Therefore, changes in hydrostatic pressure 
should cause a proportionally greater increase in outward filtration of water 
on the venous side where the pores are larger than on the arterial side. We 
find the gradient of porosity to be exclusively along the thoroughfare channels 
through which, from their arterial to their venous ends, the flow of blood is 
relatively rapid and along which outward filtration occurs. The existence of a 
gradient of porosity in the capillary bed must be taken into account in considering 
the effect of hydrostatic pressure on the outward filtration of fluid. 

SUMMATION OF SIGNIFICANCE OF VASOMOTION. Attempts in the past have 
been made to offer precise quantitative support for Starling’s hypothesis of 
fluid exchange in the capillary bed. Landis has presented calculations in- 
dicating a precise counterbalance between capillary hydrostatic and colloid 
osmotic pressure, the loss of fluid on the arterial side being compensated for 
by an equivalent intake of fluid on the venous side. 

In the present review, the basic concept of Starling’s hypothesis remains 
unchallenged. However, the balance of fluid exchange is considered to be 
maintained not so much by a direct interplay of hydr static versus colloidal 
pressures as by delicate vasomotor adjustments which intermittently increase 
or decrease the surface area over which an effective hydrostatic pressure produces 
outward filtration. 

Inward filtration is accomplished primarily by osmotic uptake. The effective- 
ness of this mechanism, however, is directly dependent upon and is reinforced 
by the action of hemodynamic forces maintaining an adequate venous outflow 
from the capillary bed. Keys and co-workers (39) and Ralli and her co-workers 
(40) found that edema can occur with no concomitant reduction of the plasma 
proteins in the blood. Such data indicating the relative ineffectiveness of 
colloid osmotic pressure for preventing fluid loss from the capillary circulation 
emphasize the importance of factors other than the interplay of hydrostatic 
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vs. osmotic pressure in maintaining normal fluid exchange between the blood 
and the tissues. Their findings may be explained either by the assumption 
that the permeability of the capillary wall is so affected as to cause the loss of 
whole plasma, or that the loss of non-protein fluid in one region, e.g., the abdomi- 
nal cavity or dependent parts of the extremities, is counterbalanced by an uptake 
of similar fluid from another region, e.g., skeletal muscle. 

NERVOUS CONTROL OF CAPILLARY PERMEABILITY. It was claimed by Engel 
(41) that the sympathetic system induces an increase in capillary permeability, 
a view opposite to a previous one of Gellhorn (42) who presented evidence that 
sympathectomy induces an increase. Engel perfused the vessels of the. knee- 
joint of a cat with fuchsin S in Ringer’s solution and found that, although sym- 
pathectomy induced marked vasodilatation, the concentration of the dye in 
the knee-joint fluid was lowered. He ascribed this to a decreased permeability 
resulting from the absence of sympathetic nerve control. Danielli (cf. 9) 
discounted Engel’s findings as indicating permeability changes and ascribed 
them to a lowered capillary pressure resulting from vasodilatation. Engel’s 
results might more logically be explained by the opening of cross anastomoses 
(AVA) between the larger vessels so that the capillary bed in the particular 
region he was observing was bypassed by the active circulation. 

Most authors favor Gellhorn’s original thesis and have concluded that sym- 
pathectomy produces an increase in loss of fluid from the capillaries. This 
would be expected on the basis of the resulting hyperemia and increased blood 
flow. However, this does not necessarily signify any specific effect on endothelial 
permeability since the resulting vasodilatation and hyperemia should cause an 
increase in hydrostatic pressure in the capillary bed. This, together with 
suspension of vasomotion, should greatly favor outward filtration. 

EFFECT OF AGENTS ON CAPILLARY PERMEABILITY. The literature contains 
many references to the action of a large number of biological agents in affecting 
the permeability of the capillary wall. A list taken from the more recent litera- 
ture is presented in the accompanying table. Only those investigations are 
listed which deal with findings purporting to be directly related to the capillaries. 

A commonly used technique (43) is that of observing the loss of dye from the 
blood into the skin during a local inflammatory reaction and noting the effect 
of various locally introduced agents in altering the amount of dye escape. 
Such studies shed little or no light on the mechanism of capillary permeability. 
Agents, such as desoxycorticosterone acetate, estrogens, and cortical extracts, 
which have been found to reduce the accumulation of trypan blue in an inflamed 
area (see table) do not necessarily produce their effect by acting on the capillary 
wall proper. For example, Rigdon (55) who used this method extensively 
has questioned the significance of the dye accumulation since he found that the 
stainability of the affected tissue is involved. The inflammatory reaction is a 
complex one, involving such diverse effects as vascular dilatation, endothelial 
damage, changes in the connective tissue matrix, blockage of lymphatic flow, 
stainability of the tissue, etc. The value of such data in clarifying capillary 
permeability phenomena is open to question. 
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TABLE 1 
Agents affecting capillary permeability 
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AGENT 


AUTHOR 


EFFECT 


CRITERION 





Adrenal cortical se- 
cretions 


Adrenal cortical se- 
cretions 


Adrenal cortical ex- 
tract 
DCA 


Adrenal cortical 
steroids 
Cortico sterone 


Adrenal cortical ex- 


tract 


Adrenal cortical ex- 
tract 

11-desoxycorticos- 
terone 


DCA 
Cortin 


DCA 


Estrogens 


Alpha estradiol ben- 
zoate 


Vitamin D 


j 





Swingle et al. (43) 


Cope et al. (44) 


Menkin (45) 


Freed and Lindner 
(46) 


Shleser and Freed 
(47) 


Hyman and Cham- 
bers (48) 


Graham (49) 


Fine and Fisch- 
mann (50) 


Swingle and Rem- 
ington (51) 


Hechter et al. (52) 


Rigdon and Chris- 
man (53) 


Silver et al. (54) 





Maintenance of cap- 
illary tone 


Decreased capillary 
permeability 


Decreased capillary 
permeability 


Decreased capillary 
permeability 


Decreased capillary 
permeability 


Reduced edema 
formation 


Decreased capillary 
permeability 


No effect on capil- 
lary permeability 


Decreased capillary 
permeability 


Increased capillary 
permeability in 
uterus and vagina 

No effect 


Decreased permea- 
bility with high 
doses 


, 





Adrenalectomy: in- 
creased permeability 
and capillary stasis 


Adrenalectomy: in- 
creased blood protein 
in lymph 


Leukotaxin effect of dye 
accumulation in skin 
was decreased 


Same as above 


Peptone effect of dye 
accumulation in skin 
was decreased 


Decreased weight of 
perfused hind-limbs 
of frog 


Dye leakage by carbon 
are irradiation of skin 
decreased 


Rate of appearance of 
dye in tissues, disap- 
pearance of wheals; 
effect on albuminuria 


Increased retention of 
transfused serum in 
adrenalectomized 
dogs 


Increased concentration 
of dye in tissues 


Xylol effect of local ac- 
cumulation of dye in 
skin unchanged 


Decrease in disappear- 
ance rate of T-1824 
from blood 
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TABLE 1—Concluded 








AGENT AUTHOR EFFECT CRITERION 
Tissue extract Rigdon (55) Increased capillary | Local injection induces 
permeability accumulation of dye 
in skin 
Leukotaxin Menkin (56) Increased capillary | Local injection induces 
permeability accumulation of dye 
in skin 
Spreading-factor Duran-Reynals (57)| Increased capillary | Local injection induces 
permeability accumulation of dye 
in skin 
Histamine Roche e Silva and | Increased capillary | Local injection induces 
Dragstedt (58) permeability accumulation of dye 
in skin 
Histamine McCarrell and Increased capillary | Increased blood protein 
Drinker (59) permeability content of lymph 
Histamine Stead and Warren | Increased capillary | Decreased protein in 
(60) permeability venous blood 
Histamine Hechter (61) Increased capillary | Local dye accumulation 
permeability unaffected by adrenal: 
ectomy 
Acetylcholine Gordon-K6niges Increased capillary | Increase of lymph in 
and Otté (34) permeability lacteal of villus fol- 
lowing dilatation of 
arterioles and in- 
creased capillary pres- 
sure 














Other studies have used the appearance in the tissue of agents, the concen- 
tration of which can be measured, as an indication of permeability changes. 
Lange (62) measured skin fluorescence by a photometer after intravenous 
injection of sodium fluorescin. He found a decreased rate of dye accumulation 
in the skin under conditions such as myxedema. This dye is freely diffusible 
through the normal capillary wall. Evidence of increased fluorescence in the 
skin under experimental or pathological conditions may merely indicate an 
increased blood flow through the tissue with no actual increase in the permeability 
of the capillary wall to the dye. 

A similar criticism can be made of experiments on the permeability of radio- 
active ions. Experiments with radioactive proteins (Fine and Seligman, 63; 
Cope and Moore, 64) should be of greater significance since proteins are normally 
retained by the capillary wall. The experiments of Fine and Seligman, which 
were performed on dogs in irreversible shock, indicated no outward leakage of 
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the radioactive proteins. On the other hand, Cope and Moore found an in- 
creased loss of radioactive colloids into the lymph following burns. 

Of the various biological agents investigated, histamine and adrenal cortical 
extracts are of special interest. It has been claimed that histamine increases 
capillary permeability while the cortical extracts reduce it. 

Histamine. The pioneer work of Lewis (65) and of Lewis and Grant (66) 
indicate that histamine-like substances produce a triple vascular response 
terminating in the marked exudation of protein-containing fluid from the capil- 
laries into the tissues. Histamine, introduced into the skin, produces both 
arterial dilatation and damage to the capillary endothelium. In our experiments 
we found that histamine, introduced either locally into the mesentery with a 
micropipette or systemically by intravenous injection in concentrations not 
affecting arteriolar caliber, had no observable permeability effects (judged by 
dye exudation, stasis, etc.). Application with a micropipette in concentrations 
which produce dilatation of the arterioles also had no observableeffects. Per- 
meability changes were obtained only when concentrations were used high 
enough to produce actual endothelial damage, i.e., extravascular loss of normally 
retained Evans blue, sticking of carbon, swelling of individual endothelial cells 
and an abnormal disten‘ion of the capillary wall. To what extent histamine 
plays a rdle in normal permeability changes is still open to question. 

Other experiments indicating a permeability-increasing effect of histamine 
have relied upon the loss of materials from the blood, e.g., proteins, which are 
normally retained within the capillary. This was detected by analysing the 
lymph fluid, the venous blood from affected regions or the fluid in various body 
cavities. Obviously, damage to the endothelium, such as occurs with excessive 
concentrations of histamine, will produce abnormal leakage not only of plasma 
but of blood cells. 

In many cases the extravascular loss of protein can be explained equally 

-well by vascular mechanisms other than increased capillary permeability. 
In this regard two techniques can be considered, that used by McCarrell and 
Drinker (cf. 59) and that by Stead and Warren (cf. 60). McCarrell and Drinker 
used changes in the constitution of the lymph of a particular region as an index 
of blood capillary permeability. They found that histamine shock produced an 
increase of protein in the lymph. Such an occurrence has a possible explanation 
from the findings of E. R. Clark (67). Clark noted that the application of 
pressure or increased temperature caused the passage of whole blood through 
the wall of venules directly into contiguous terminal lymphatics. This might 
be sufficient to explain the increase in protein content of the lymph without 
postulating an increase in capillary permeability per se. Stead and Warren 
determined differences in the contents of arterial and venous blood from affected 
areas. They noted that an injection of histamine (0.5 mgm.) into the brachial 
artery caused a decrease of the protein content of the venous blood of the same 
arm. ‘This finding may be interpreted as an effect of the peculiar type of vascular 
reaction caused by histamine. Histamine produces arteriolar dilatation and 
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increases the blood flow through the capillary bed but it does not abolish vaso- 
motion of the precapillary sphincters. This condition produces an excess of | 
blood flow through the thoroughfare channels accentuating outward filtration 
all along their course. Normally, only a small amount of protein escapes 
from the venous portion of the channel. However, the increased hydrostatic 
pressure produced by histamine could be expected to lead to a greater leakage 
of protein in this region. Concomitantly, the true capillaries, which maintain 
their normal intermittent circulation because of the persistence of the pre- 
capillary sphincteric action, continue to perform their function of inward filtra- 
tion undisturbed by the histamine. These two reactions would explain the 
lower protein content of the venous blood. 

Adrenal cortical extracts. Much indirect evidence has accumulated to indicate 
that cortical extracts have a counteracting effect on the increase in capillary 
permeability produced by many noxious agents. Furthermore, in adrenal 
cortical insufficiency an increase in permeability is indicated by a pathological 
disturbance of fluid-exchange in favor of outward filtration and the production 
of a marked hemoconcentration (cf. 43). The question remains as to whether 
the observed effects are to be explained by the regulatory action of the cortical 
hormones on the distribution of blood to the tissues or whether these hormones 
serve to maintain the structural integrity of the capillary wall. 

Hechter (cf. 61), by applying histamine through a stab in the skin of rats, 
observed no difference between normal and adrenalectomized rats in the extra- 
vascular loss of trypan blue into the region. Cope and co-workers (cf. 44) 
obtained an increased protein content in the cervical lymph of adrenalectomized 
dogs. They claimed this to indicate an increase in permeability of the blood 
capillaries to protein. 

We have found, by direct observation of the capillary circulation, that bilat- 
erally adrenalectomized rats (48 to 96 hrs. post-operative) show no visible 
alterations in the endothelial wall. Pathological changes of the capillary wall 
were detected only just prior to circulatory collapse preceding death. It is 
known that adrenalectomy induces the development of hemoconcentration. 
This might indicate increased capillary permeability. However, the excessive 
loss of fluid from the circulation can be explained equally well by an alteration 
of the hemodynamic relations of the capillary bed. We have found that adre- 
nalectomized rats soon develop an atonic state of the peripheral arteries and 
arterioles and, subsequently, a cessation of vasomotion in the capillary bed. 
The resulting derangement of the capillary blood flow is one which favors out- 
ward filtration. The failing vasomotion and the consequent inadequate venous 
return, leading to increasing back pressure in the capillary bed, could account 
for loss to the tissues not only of water but also of proteins without considering 
that the integrity of the capillary wall has been impaired. 


In the present article no attempt has been made to cover experimental findings 
dealing with the physiology of the more highly specialized components of the 
peripheral vascular apparatus, such as those dealing with temperature-regulating 
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mechanisms in the skin, special secretory barriers such as are obtained in the 
brain and complex structures observed in the liver and spleen, or in the bat’s 
wing. 

Although much has been written on permeability-changes in the capillary 
bed, most of the findings are largely inferential and only a few are based on 
direct observations of the vessels. Many of the findings are significant but, 
until the actual site of their action is ascertained, cannot be used for an under- 
standing of the mechanisms involved. 

The fact must be appreciated that the capillary bed has a highly specialized 
organization the several components of which maintain a delicately adjusted 
functional balance between reactions of central and local origin. The dominance 
of a central control tends to be countered by local autonomous control. Along 
with this ever-shifting balance of the hemodynamics are possibilities of physico- 
chemical changes in the composition of the several different structures which 
constitute the wall of a capillary. The action of specific agents on one or more 
of the various components, structural and chemical, requires further intensive 
study. 

Unless adequate precautions are taken and direct observational work is 
adhered to, it is generally impossible to differentiate between the effect of shifts 
in hemodynamic relationships, changes in functional permeability of the wall 
of capillaries, or actual disruptive leakages of the vessels. Most of the data in 
the literature deal with overall changes involving one or more of the above 
phenomena. Their physiological significance with respect to the control of 
capillary permeability will remain obscure until the site of action of the various 
agencies can be determined. 
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SOME PHYSIOLOGICAL EFFECTS OF CURARE AND THEIR 
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The revival of interest in curare and the important place it has lately won in 
medicine and surgery is likely to obscure the fact that the study of South Ameri- 
can arrow poisons was among the earliest of toxicological investigations. It was 
largely out of these studies that modern physiology took root and grew. The 
complex story of the history, botany and chemistry of the curares is remarkable 
and has interested physicians for centuries. Unfortunately it will not be pos- 
sible to enter into a discussion of these matters here; they have, however, re- 
cently been described in detail elsewhere (1). 

It is the purpose of this review to present the gist of to-day’s knowledge of the 
physiology and pharmacology of curare, to outline some of the implications of 
this knowledge regarding neuromyic transmission and to describe the practical 
application of this drug to clinical usage. It should first be pointed out, however, 
that a large variety of South American arrow poisons are indiscriminately re- 
ferred to as “‘curares,’”’ many of which differ markedly in composition. Compara- 
tively little experimental work has been performed with the pure alkaloids ob- 
tainable from them, and of these, only two have been widely used. These are 
curarine, a potent amorphous alkaloid of unknown chemical structure isolated 
by Boehm (2), and d-tubocurarine, a bisbenzylisoquinoline compound first ob- 
tained in a pure state from tube-curare by King (3), who worked out its chemical 
structure. Subsequently d-tubocurarine was obtained by Wintersteiner and 
Dutcher (4), of the Squibb Institute, from Chondrondendron tomentosum, a 
member of the Menisperm or moonseed family, and this alkaloid, accordingly, 
has been rendered readily available for experimental work. Almost all the 
clinical work with curare during the last seven years has been performed with 
Intocostrin, a partially purified and biologically standardized solution of certain 
varieties of crude curare; the precursor of this preparation was first prepared in 
the author’s laboratory. 

The classical effect of curare. In spite of the enormous amount of experimenta- 
tion performed during the ninety years which have elapsed since Claude Bernard 
(5) wrote, ‘‘Le Curare, qui anéanit |’action nerveuse sur les muscles, conserve au 
contraire plus longtemps Ja contractilité musculaire. Preuve que ce sont la 
deux actes bien distincts,’”’ the exact mode of action of curare remains a matter 
of dispute. The locus of action is generally agreed upon and is thought to reside 
in the somewhat ill-defined region where nervous tissue ends and muscle tissue 
begins. The question as to curare’s mode of action will, of course, remain a bone 
of contention until there is complete agreement among physiologists and phar- 
macologists concerning the modus operandi of neuro-muscular transmission. This 
is not the place to plead the cause of either of the two chief theories of indirect 
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excitation of muscle, but rather to examine how well the established facts con- 
cerning curarization fit the theories. Quite understandably, Claude Bernard’s 
localization of the point of action of curare at the neuromyic junction focussed 
attention of investigators on this region and it was Bernard’s pupil, Kiihne 
(6), who scrutinized nerve endings minutely in an effort to find answers to the 
yet unanswered questions concerning curare’s exact pharmacological action. 
Out of Kiihne’s work came a knowledge of the anatomy of the motor nerves and 
their peculiar endings now known as “motor end-plates.” It was found that in 
the lizard, during life, the motor end-plates were thin, translucent and almost in- 
visible but, after death or after the application of strong curare solutions, the plates 
became more opaque and clearly visible. Since the days of Kiihne a large 
number of investigators have examined the motor endings in many species. 
There is much variation in these structures and in some varieties of frogs there are 
no large terminal plates, the motor nerves “run into the muscle’”’ with a few small 
knob-like structures scattered along their terminal twigs, thus Langley (7) 
maintained that in the frog there was no evidence of the presence of any tissue 
which could not be identified with certainty as either nerve or muscle. Most, 
but not all, investigators (8) are agreed that high concentrations of curare will 
cause changes in the appearance of motor nerve terminations. Recently Carey 
(9) has described many interesting effects on the motor end-plates, not only as 
the result of the application of strong curare solutions but also following electro- 
cution and poisoning with carbon monoxide, tetraethy] lead, and prostigmine. 
Some experimenters have reported that, with lower concentrations of curare, 
morphological changes in the end-plates of curarized muscle are not found, and 
King and Willard (10) using d-tubocurarine in adequate concentrations to 
produce curarization, could find no change in the appearance of the motor end- 
plates; it was not possible for them to differentiate, from their histological ap- 
pearance, which specimens were curarized and which were not. Accordingly, 
while it is undoubtedly true that curare and other poisons are capable of affect- 
ing visible changes in the end-plates, these changes are not necessarily specific 
for curarization. Furthermore, these changes have not, as yet, been demonr- 
strated to be reversible. 

Langley’s conclusion from experiments in the first few years of the present. 
century are hardly reconcilable with the theory that curarization is brought 
about by an effect on the motor end-plates. It will be recalled that he found 
that, in denervated muscle, nicotine will cause contractions, and he showed that. 
these nicotine-provoked contractions are preventable by curare. As mentioned 
above, Langley found that in the frog there is no difficulty in deciding which 
tissues were nerve and which tissues were muscle. Hence, in a denervated prep- 
aration, the effect of curare was evidently on muscle-tissue itself. Langley’s 
extensive experiments with curare and other drugs led eventually to his “re- 
ceptor” theory of drug action and his work was an important factor in the sub- 
sequent acceptance, by many, of the chemical transmitter theory. However, 
the concepts of Elliot, Dixon, and Loewi were needed before the chemical trans- 
mission theory of neuromyic transmission was extended to striated muscle by 
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Dale and his co-workers. In the meantime the work of the Lapicques em- 
phasized the electrical aspects of excitability. An electrical transmission mech- 
anism is implicit in their theories and their work strongly influenced physiological 
thought concerning neuro-muscular physiology for many years. 

Assuming for the moment that neuromyic transmission is accomplished simply 
by the shift in electrical potential accompanying the nerve impulse—curariza- 
tion could then be due either to a suppression, partial or complete, of nerve 
impulses at their terminals, or to a change in the muscle brought about by curare 
which results in a raised electrical threshold. Obviously there is considerable 
difficulty in determining whether or not the ultimate terminals of motor-nerve 
conduct impulses. Kiihne’s (11) well known attempts to solve this question by 
the use of the branching motor-nerves in the frog’s gracilis muscle which enabled 
him, by means of a longitudinal cut, to divide the muscle in such a manner that 
one portion could be soaked in “strongest curare solution’”’ while the other por- 
tion remained free of curare, convinced him that the motor nerves, including their 
endings, were entirely unaffected. Unpublished investigations made in the au- 
thor’s laboratory have shown that d-tubocurarine in concentrations up to 
a hundred times greater than those necessary for curarization, are powerless to 
affect nerve-conduction in the frog sciatic, this was true after 18 hours’ exposure 
of the nerve to the poison—but it has not yet been definitely shown whether or 
not curare in some way prevents the spread of the impulse from the axon over 
the terminal surface of the nerve. Kuffler (12) has reported experiments that 
show, following the application of curare to the myo-neural junction, a pro- 
gressive decrease in the end-plate spike-potential. He points out that unless the 
leads are placed in close proximity to the end-plate region it is not possible to 
detect this diminution. As Kuffler himself remarks, “it would be of interest 
to know the threshold e.p.p. required for a propagated impulse.’’ It is impor- 
tant to observe that the end-plate potential is depressed, not abolished, by curare. 

The second possibility, that curare raises the electrical threshold of muscle, 
brings us at once to the much disputed theory of Lapicque. It is unnecessary 
to discuss this theory at length, nor is it necessary to present the views of La- 
picque’s opponents. This dispute has been reviewed in this journal by Davies and 
Forbes (13). It will suffice to say that neither the doctrine of isochronism for 
normal nerve and muscle nor the belief that heterochronism exists in curariza- 
tion is acknowledged universally. This should not be allowed to detract from 
the usefulness of Lapicque’s concept of chronaxie, nor should it be forgotten 
that Lapicque’s theory of curarization (14) has been of great value in stimulating 
investigations in nerve and muscle physiology during most of the first half of 
this century. However, in view of the divergent views regarding the strength- 
duration curves of muscles and their motor nerves, and the many disagreements 
regarding the validity of the various techniques employed, (for details of which 
see the review by Davis and Forbes referred to above) it is obvious that any 
theory of curarization based on changes in electrical threshold of muscle is likely 
to meet with much justifiable criticism. 

According to proponents of the chemical theory of neuromyic transmission, 
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curarization results either from failure of production of transmitter or from 
failure of the transmitter to accomplish its normal’effect upon muscle. There is 
no evidence at all for the former but considerable evidence for the latter view. 
This evidence is as follows: Dale and co-workers have shown that muscles per- 
fused with physiological solutions, when stimulated by their motor nerves, either 
before or during curarization, liberate an acetylcholine-like substance into the 
perfusate (15). In the writer’s laboratory we have succeeded in showing that, 
in the eserinized dog, the venous blood from muscles, stimulated by their motor 
nerves, both before and during curarization, contains a substance capable of 
stimulating rabbit gut in vitro and arresting the perfused frog heart. These 
effects on the rabbit-gut and frog-heart by the venous blood are prevented by 
atropine. The substance contained in venous blood from stimulated muscles 
was found to differ in its effects upon the test tissues from those caused by excess 
potassium; thus in control experiments the effects of eserinized venous muscle 
blood, to which potassium was added, were compared with the effects obtained 
with those of eserinized blood obtained from stimulated muscles, the effects of 
the latter were more readily abolished by atropine than those of the former (16). 
Further evidence that curarization cannot be explained on the basis of failure 
in the production of the transmitter is provided from experiments in which 
acetylcholine is injected directly into an artery. As is well known, muscle- 
contractions closely simulating those obtained by stimulation of the motor nerve 
may thus be obtained. Following the injection of curare subsequent injections 
of acetylcholine are less effective (17, 18, 19), an observation obviously indicative 
that the action of curare is one of suppression of the effect of the transmitter 
rather than its failure of production. In denervated muscle the intra-arterial 
injection of acetylcholine readily arouses muscle-contractions and larger amounts 
of acetylcholine when so injected may cause muscle contracture accompanied by 
electrical silence. Curare prevents the action of acetylcholine in denervated 
muscles, and d-tubocurarine, when injected rapidly in sufficient concentration, 
is capable of first increasing the fibrillation and may then cause contractures of 
denervated muscle; during the contractures the spontaneous fibrillations are 
suppressed or abolished, and during this time muscles will not respond to acetyl- 
choline (20). These findings are supporting evidence for Langley’s belief that 
the site of action of curare is the muscle “effector substance”’ (see above), and 
prove beyond question that curare exerts an action on muscles in the absence of 
their nerves. 

Pharmacological antagonists to curare. Eserine and neostigmine and related 
substances containing a methyl-carbamic ester group abolish the action of curare. 
These substances have been extensively examined by Briscoe (21) and others 
(22). They are known to inhibit the activity of serum acetylcholine esterase 
and this fact is frequently used to explain their pharmacological actions. This 
explanation is, unfortunately, not entirely adequate as is indicated by the fol- 
lowing facts. Wilson and Wright (23) have shown that acetylcholine injected 
intra-arterially into curarized muscles has but little effect ; however, the combined 
effect of the injection of acetylcholine and prostigmine is greater than either in- 
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jected alone. These authors have also shown that potassium greatly accelerates 
the decurarization effect of prostigmine. We find that the potency of Intocos- 
trin (which inhibits acetylcholine esterase) is not measurably inferior to that 
exhibited by the same quantity of d-tubocurarine contained in it, although d- 
tubocurarine itself has little or no inhibitory effect on the above enzyme (24). 

The antagonism of calcium to curare is of remarkable interest and it has been 
shown by Eccles and co-workers (25), Feng (26), and others (27), that the restora- 
tion of indirect excitability following the local application of calcium to the cur- 
arized nerve-muscle junction is accompanied by an increase in the spike potential 
of the end-plate region. However, it has also been shown that the exposure of 
a nerve muscle preparation to a solution low in calcium increases enormously 
the sensitivity of the muscle to the intra-arterial injection of acetylcholine (28). 
On the other hand, it is said that in the intact animal, the administration of para- 
thyroid hormone raises the tolerance for curare (29). Dihydrotachysterol also is 
alleged to have the same effect (30). On the basis of present knowledge these 
somewhat paradoxical observations are difficult to harmonize. However, un- 
reported experiments from this laboratory indicate that calcium-lack decreases 
the resting potential of motor nerve and that this decrease in resting potential 
is closely associated with the increase in sensitivity of the muscle to acetylcholine, 
as observed by Kuffler (1944). Furthermore, this increase in sensitivity to ace- 
tylcholine is the probable cause of the repetitive discharges following a single 
nerve volley such as possibly occurs in some forms of tetany. The beneficial 
effect of curare in tetany may be, in part, due to the raised threshold of muscle 
to acetylcholine which reduces, or perhaps abolishes, repetitive muscle responses. 
However, according to Kuffler (1944), curarine does not prevent the twitches of 
frog muscle obtained in vitro upon exposure of the muscle to low calcium; on the 
contrary we find in preliminary and unreported experiments that the addition of 
d-tubocurarine to the low calcium solution decreases thé spontaneous activity 
of frog muscle immersed in it.! 

The antagonistic effect of epinephrine upon curarization has been attributed to 
the effect of this substance on tissue permeability (31). However, according to 
Mies (32), the effect is indirect and is in part due to the action of epinephrine on 
the blood vessels in close proximity to the nerve-muscle junction. Certainly 
augmentation of blood-flow in muscle is likely to shorten the duration of action 
of curare. Guanidine, one of the most powerful decurarizing agents (33), ap- 
pears, like calcium, to raise the spike-potential in the vicinity of the motor 
end-plate when single stimuli are applied to the nerve. 

The reviewer has advanced the hypothesis that many of the effects of curare, 
acetylcholine, and other substances possessing pharmacological actions at the 
region of the junction between muscles and their motor nerves (34), can be har- 
moniously composed by the assumption that the function of the motor nerve is, 
in reality, inhibitory to the muscle fibres which otherwise undergo spontaneous 


1 Subsequently reported, see Wendt, Bernard F., and A. R. MelIntyre. Proc. Am. 
Physiol. Soc. 6: 224, 1947. 
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and rhythmic contractions. This inhibition is attributed to the positive (resting) 
charge on the axon terminal surface which, by its presence, is supposed to favor 
acetylcholine esterase activity in the region and effectively prevent the accumula-’ 
tion of significant concentrations of acetylcholine. When the surface of the nerve 
termination becomes more negative as a result of the arrival of a motor impulse, 
or as a consequence of injury, a reversal of the activity of the enzyme system is 
now hypothecated, and choline is thus acetylated. The resulting acetylcholine 
in turn effects the muscle ‘‘receptor surface” which is depolarized and the muscle 
contracts. This hypothesis accounts for the interrelationship between calcium 
ion concentration and acetylcholine sensitivity, because, according to this con- 
cept, a reduction of the resting potential of the motor end-plate would cause an 
increase in the concentration of acetylcholine, thereby increasing the effective- 
ness of any acetylcholine applied. We find that increasing the concentration of 
calcium ions in the fluids surrounding nerve, increases the positive resting po- 
tential at its surface. According to the above hypothesis this would tend to 
keep the activity of acetycholine esterase high and consequently the concentra- 
tion of acetylcholine at a minimum, and may, if the concentration of calcium be 
sufficient, result in a block of neuro-muscular transmission. According to this 
hypothesis the spontaneous fibrillation of denervation should be interrupted by 
curare, but Solandt and Magladery (35) report that neither anesthetics such as 
ether and the barbiturates nor atropine, curare and eserine prevent the fibrilla- 
tion of denervation; we find that d-tubocurarine injected intra-arterially into 
denervated fibrillating muscles will, when injected sufficiently rapidly, inter- 
rupt spontaneous fibrillation as electrically recorded by standard cathode ray 
techniques. (See ref. 20.) Feinstein et al. (36) have shown that it is very im- 
portant to control the temperature of muscles in such experiments, and some of 
the above discrepancies may possibly be accounted for on this basis. In our 
experiments the blood supply was interrupted only momentarily and significant 
temperature changes did not occur. 

Effects of curare on the autonomic nervous system and central nervous system. 
Interest in the classical action of curare has resulted in other pharmacological 
aspects of curare being somewhat neglected, but these are important. For ex- 
ample, curarine applied to autonomic ganglia is capable of blocking synaptic 
transmission in these structures (37). With concentrations of. d-tubocurarine 
adequate for curarization of striated muscle, in our experience, this effect occurs 
rather slowly (38). The interruption of transmission at autonomic ganglia ap- 
pears to be the result, not of interference with the production of acetylcholine, 
but due to interruption of its effectiveness at the surface upon which it normally 
acts. This is strongly indicated by experiments performed by us in which a 
frog heart was perfused with the perfusate from a turtle heart. The concentra- 
tion of ions in the solution used for perfusion was carefully adjusted so as to be 
compatible with both the (donor) turtle heart and the (recipient) frog heart, 
though, unavoidably, less so than solutions best suited to one or the other. 
When the turtle vagus was stimulated the arrest of the turtle heart was promptly 
followed by arrest of the (recipient) frog heart. By diverting the perfusate 
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from the (recipient) frog heart during curarization of the donor heart and then, 
during the stimulation of the turtle vagus, again allowing the perfusate to flow 
through the frog heart, it was sometimes possible to obtain arrest of the recipient 
heart without arrest of the donor heart. This strongly indicates that although 
stimulation of the vagus produced vagus-stoffe in adequate quantities to arrest 
the recipient heart it was unable to arrest the curarized turtle donor heart. It 
should be pointed out that generally both the donor and recipient hearts were ar- 
rested upon stimulation of the turtle vagus. Arrest of the recipient heart only 
was seen in experiments in which the application of curare had been prolonged. 
These and other experiments with curare lead us to believe that, in general, 
cholinergic structures are more easily affected than adrenergic structures. At 
first possibly both are stimulated transiently, and later paralyzed, so that auto- 
nomic transmission from pre- to post-ganglionic neurones gradually fails and may 
cease entirely after exposure for sufficiently long periods of time to adequate 
concentrations of the drug. The effects of curare on the secretions are many. 
The literature is full of contradictions and inconsistencies. This is because the 
effects of curare upon the glands are probably mediated by its effects upon the 
autonomic system and the results obtained depend upon the duration of the ex- 
periments and the amount of curare used. Another factor responsible for diver- 
gent reports is, no doubt, the differences in the varieties of curare used. The 
following facts seem to be fairly well established. As a result of curarization, 
the blood sugar rises. The urine output falls without a significant change in 
blood-pressure. We suggest, without complete evidence, that the diminished 
urine secretion is the result of an increase in output of posterior pituitary hor- 
mone—the urine during curarization frequently contains much sodium chloride. 
The tolerance to insulin is increased. Somewhat surprisingly, when the convul- 
sions in febrile conditions are controlled by curarization, the body temperature 
remains elevated. A large number of observations concerning miscellaneous 
actions of curare reported by numerous investigators have been collected by the 
writer (39); space does ‘not permit their quotation here. 

The effects of curare on abnormal muscle-tone. The effects of curare on the 
hypertonicity of muscle in decerebrate animals was first investigated by Bremer 
(40), who showed that curare was capable of reducing the muscle-tonus in such 
animals. This.was accomplished without the production of classical curariza- 
tion, the animals being able to walk without noticeable impairment of their 
gait. Somewhat parallel observations were reported by Hartridge and West 
(41) in tetany in dogs. Such animals could be protected from tetanic convul- 
sions but at the same time retain their ability to walk, apparently, normally. 
West (see ref. 31), reported that there was considerable variation in the effective- 
ness of tetany-control by different curares, some possessing what he termed a 
“lissive”’ action, whereas others, including d-tubocurarine, possessed little or no 
lissive action. This alkaloid, as above mentioned, is the active alkaloid con- 
tained in Intocostrin. Consequently it is somewhat surprising to find that 
Intocostrin and d-tubocurarine are today the preparations chiefly used clinically 
in the treatment of spasticities. Burman (42), who was the first to report on the 
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use of curariform drugs in the treatment of spastic patients in this country, made 
his initial investigations before Intocostrin was available, and the botanical source 
of the curare he used is not entirely clear. Later Harvey and Masland (43) 
reported unfavorably on the results of curare in spastic conditions. The writer 
has had the opportunity of seeing a number of spastic patients who appeared to 
be benefited by the use of Intocostrin, and others, notably some of Doctor 
Schlesinger’s patients, who seemed undoubtedly improved by the intramuscular 
injection of d-tubocurarine suspended in oil and beeswax, the effects ofgwhich are 
said to persist for as long as three days (44). 

These clinical observations confront the pharmacologist with a difficult prob- 
lem because in normal dogs the classical peripheral effects of these preparations _ 
do not, in the reviewer’s experience, persist sufficiently long to account for the 
duration of the clinical improvements reported. There is also difficulty in ex- 
plaining Bremer’s observation (l.c.) on decerebrate rigidity and those of Hartridge 
and West (l.c.) in parathyroid tetany in terms of the classical curare effect, 
because, as mentioned above, these experimenters did not obtain measurable 
interference with the animals’ ability to walk. It would seem that in the event 
of the curare preventing a certain proportion of the motor-nerve impulses respon- 
sible for the increased muscle tonus from reaching the muscles there would be 
an impairment of muscle-function roughly proportional to the decrease in the 
hypertonicity. Should it be demonstrated that in spastic states, repetitive 
muscle responses follow single motor nerve impulses, which seems rather unlikely, 
the beneficial effects of curare in spasticities would be more readily understand- 
able. During curarization, as is well known, a muscle will rapidly lose its ability 
to maintain a tetanic contraction and then respond by a single twitch to an 
indirect tetanic stimulus. This phenomenon, however, is hardly adequate to 
explain the relief believed to be afforded by curare in hypertonicity. The 
question is further complicated by the fact that West (l.c.) was unable to find 
a lissive action with d-tubocurarine. Admittedly knowledge of the numerous 
factors responsible for pathological hypertonicity is incomplete and accordingly 
a discussion of the mode of action of curare in these conditions is consequently 
speculative rather than factual. It seems possible that the effects of curare in 
spastic states may depend, at least in part, upon some mechanism other than 
its classical peripheral action. Accordingly attention is drawn to the observa- 
tions of Denhoff and Bradley (45), who state that their spastic patients experi- 
enced subjective manifestations following injection with effective doses of curare. 
These subjective symptoms might be interpreted as suggestive evidence of a 
central nervous system action of the drug, and West (46) has quoted the words of 
one of his patients whose subjective reactions, while under curare therapy, clearly 
indicated marked disturbances of the sensorium. The pharmacological actions 
of curare on the brain and cord have been largely neglected but convulsions, 
following intra-aortic injections, have long been known to occur (47), and when 
curare gains access to the ventricles marked disturbances of the C.N.S. result 
(48). Both Harlow (49) and Girden (50) have investigated the effects of curare 
on conditioned reflexes in dogs and both report changes in the responses of cur- 
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arized animals which they attribute to central actions. Girden believes that the 
curarized dog suffers amnesia. The electrical activity of the frog’s C.N.S. has 
been investigated by Pick and his associates (51), who find a depression of activ- 
ity which may last several days in the curarized animal. We find that the im- 
mediate effect of rapid injections of d-tubocurarine into anesthetized dogs is a 
transient increase in amplitude of the electroencephalographic record promptly 
followed by a decreased electrical activity of the brain (52). It is possible to 
cause sudden and complete arrest of respiration and death by the rapid intra- 
carotid injection of d-tubocurarine; respiration may cease before indirect ex- 
citability of the diaphragm is lost. It is desirable that the mechanisms responsi- 
_ ble for the decrease in muscle hypertonicity observed clinically be investigated 
with the possible réle of these actions of curare on the C.N.S. in mind. It is 
conceivable that the effect obtained in spastic patients involves actions of curare 
on reflex pathways, resulting in impairment of synaptic transmission, which in 
the abnormal C.N.S. may be sufficientiy modified by curare to account, in part, 
for the clinical benefits claimed. The subject obviously requires further in- 
vestigation. 

The use of curare in shock-therapy and anesthesia. At the suggestion of the 
author, A. E. Bennett (53) began the use of a partially purified and carefully stand- 
ardized solution of curare, prepared in this laboratory, on psychopathic patients 
undergoing metrazol shock-therapy. The incidence of trauma resulting from the 
convulsions was reduced to the vanishing point, without diminishing the ratio 
of successful to unsuccessful treatments. Subsequently with the development 
of electro-shock therapy the use of curare in shock-therapy has continued and 
is today used in perhaps a majority of institutions where this type of therapy is 
employed. It is probable that the dosage of curare for use with electro-shock 
therapy should be somewhat less than that formerly used in metrazol shock- 
therapy. The reason for this is that metrazol is antiddtal to curare whereas 
electro-shock-therapy is not. Electroencephalographic records, obtained by us, 
indicate that both curare and electro-shock result in decreased electroactivity of 
brain, hence, when both are employed together, they may augment each other. 

Griffith and Johnson (54) introduced the use of curare as an adjuvant in anes- 
thesia and Griffith (55) has extensively investigated the usefulness of the drug in 
this field. Cullen (56) has also investigated curare in anesthesia and Gross and 
Cullen (57) have made the important observation that with ether the amount of 
curare necessary to obtain good muscle-relaxation is considerably less than with 
such anesthetics as cyclopropane. In the opinion of the author cyclopropane 
anesthesia with curare approaches the ideal in anesthesia for a wide variety of 
surgical procedures. The deep relaxation obtained with curare supplies the one 
deficiency of cyclopropane. In abdominal surgery another advantage of curare 
is that the gut is rendered ‘‘small” and inactive. Presumably this effect on the 
gut is caused by an effect upon synaptic conduction in the autonomic system 
because we find that the concentrations necessary to modify rabbit jejunum 
in vitro far exceed those likely to be present when the drug is used in man. While 
the chief value of curare in anesthesia undoubtedly resides in the muscle relaxa- 
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tion obtained due to the drug’s classical peripheral action, there is disagreement 
as to what rdéle, if any, is played by its central actions. There have been a 
number of papers which report the administration of very large doses of curare 
to patients, either by accident or by design, in which it appeared that anesthesia 
resulted, and in some instances major surgery has been successfully accomplished 
under curare alone (58). On the other hand, Dr. Scott M. Smith (59) allowed 
himself to be injected with d-tubocurarine to the point of complete curarization 
without the loss of consciousness. It is possible that the rate of administration 
of d-tubocurarine in Smith’s experiment was insufficiently great to produce the 
effects reported by others. This important question requires further investiga- 
tions. It is, however, not too easy to find competent observers who exhibit the 
devotion to science Shown by Doctor Smith. 

The use of curare for the control of convulsions in tetanus dates back to the 
early part of the 19th century and the literature on this topic has been previously 
reviewed by the author (60). There is no evidence at present that curare is 
capable of saving the patient’s life although control of convulsions can be rather 
readily accomplished. One of the difficulties in the prolonged use of curare for 
the maintenance of deep curarization is that, in experimental animals at least, 
the animal gradually succumbs. The mechanism of death is obscure (61). 
The reviewer believes that death is related to the gradual interruption of function 
of the C.N.S. brought about by the prolonged action of curare. In spite of this 
the experimental use of curare in severe human tetanus is fully justified when 
adequate facilities for maintaining effective artificial respiration are available. 
Reliance on atmospheric pressure to fill the lungs, as for example, when an “‘iron 
lung” is used, may result in inadequate pulmonary ventilation due in part to 
bronchial spasm. Methods employing positive pressure should therefore be 
used. 

Ransohoff (62) has taken advantage of curare to decrease the painful muscle 
spasm frequently found early in poliomyelitis, thereby rendering his patients 
more comfortable and facilitating the early application of physio-therapy. On 
the basis of present knowledge it should not be assumed that there is any direct 
beneficial effect exerted by curare. 

The only known contraindications to the use of curare are during the acute 
paralytic stage of poliomyelitis and in myasthenia gravis, a disease in which sen- 
sitivity to curare is markedly increased. The many parallelisms between partial 
curarization and myasthenia gravis have been described by Bennett, McIntyre 
and Cash (63). The antidotal value of eserine and prostigmine bromide have 
been compared by the author (64) and the former was found to be superior; 
however, subsequent work has shown that prostigmine methyl sulfate is fully as 
effective as eserine. 

It is unnecessary to enumerate all the clinical applications of curare which 
have been attempted; they include the treatment of such diverse conditions as 
persistent singultus, dysmenorrhea, epilepsy and as an aid in endoscopy. They 
have been discussed in some detail elsewhere (65). If the claim of the successful 
treatment of dysmenorrhea is substantiated it is obvious that the practical 
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pharmacological use of curare is not necessarily limited to its classical effect on 
skeletal muscle. 


SUMMARY 


1. The mechanism of curarization cannot be completely explained until the 
problem of neuro-muscular transmission is fully solved. 

2. Curare possesses, in addition to its classical action on neuro-muscular trans- 
mission, an action on autonomic synaptic transmission which transmission it is 
capable of blocking. 

3. The effects of a sufficient concentration of a curare on the central nervous 
system are a transient increase in activity, followed by decreased activity. 

4, The above pharmacological actions of curare can be tentatively attributed 
to its effect upon cholinergic structures, whose ability to respond to acetylcholine 
is selectively and progressively modified. 

5. The clinical use of curare, in shock-therapy and anesthesia, is thoroughly 
established. The full evaluation of the use of curare in spasticities awaits further 
experimentation. 

6. The clinical use of curare for the treatment of conditions other than those 
involving the striated musculature is provocative of interest but must be viewed 
with cautious reserve. 
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THE URINARY COPROPORPHYRINS IN HEALTH AND DISEASE! 


CECIL JAMES WATSON anp EVREL A. LARSON 
Department of Medicine, University of Minnesota Hospital, Minneapolis 


The literature relating to the urinary porphyrins has become so extensive that 
it would scarcely be feasible to review it comprehensively in the space which has 
been allotted to.the present paper. The authors have striven rather to bring 
together the essential pieces of information which comprise the existing know]l- 
edge of the subject. A number of reviews have appeared to which the reader 
is referred for additional orientation to the literature, both with respect to the 
urinary porphyrins (9d; 16i; 99c), and to porphyrin metabolism in general 
(9c; 11; 161; 24e, k; 32a, b, d; 58b; 73b; 78b; 97c; 100g, h). Because of space 
restriction, the present review will concern itself mainly with the urinary copro- 
porphyrins. Other porphyrins and other aspects of the coproporphyrin problem 
will be considered only as they relate to the coproporphyrins of the urine. 

The term uro- and coproporphyrin have proven somewhat unfortunate in the 
light of knowledge of these substances gained since Hans Fischer first described 
and named them. Prior to Fischer’s studies, the naturally occurring porphyrins 
had been generally assumed to be the hematoporphyrin as first prepared by 
Hoppe-Seyler (41) and later, in crystalline form, by Nencki and Sieber (64). 
Reasons for this confusion will appear presently. Fischer’s first observations 
were made in a case of congenital porphyria, the famous case Petry, in which the 
urine, as it characteristically does in this disease, contained large amounts of 
uro- and relatively small amounts of coproporphyrin (24a). The feces from this 
case was found to contain only coproporphyrin (24b), and in fact, the presence of 
uroporphyrin in the feces of porphyria cases was overlooked until relatively 
recently (80a). Fischer’s isolation of crystalline uro- and coproporphyrin from 
urine and feces, respectively, initiated a brilliant series of studies of the por- 
phyrins which were terminated by his untimely death in 1945. These studies of 
Fischer and his school have provided much of the existing knowledge concerning 
the structure and chemical interrelationships of the porphyrins. Relatively 
early in the course of this long research, Fischer was able to show that the con- 
figuration of the uro- and coproporphyrin isolated from the case Petry, differed 
from that of the protoporphyrin in the hemoglobin molecule (24e). This dif- 
ference may be noted in figure 1, in which it is seen that there is opposite place- 
ment of the methyl and propionic acid groups on pyrrol nucleus IV (left lower). 
Fischer synthesized the four “aetioporphyrins’”’, which have only methyl and 
ethyl groups on the porphyrin ring (24e, k). These do not occur in nature, but 
they serve as the basis for his classification, in that all other porphyrins belong to 
one of four main types, depending upon correspondence of the side groups with 
the methyl or ethyl groups of the aetioporphyrins. Thus the uro- and copro- 


1 Aided by grants from the John and Mary R. Markle Foundation, New York City, and 
the Medical Research Fund of the Graduate School, University of Minnesota. 
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porphyrin isolated from the porphyria case were found to have the configuration 
of aetioporphyrin I, while the protoporphyrin of the hemoglobin molecule was 
later shown to have the type III structure* (24p). Fischer thus revealed the 
“dualism” of the porphyrins in nature. Although theories of porphyrin syn- 
thesis in the animal organism have been proposed which postulate a minute 
formation of type II or IV porphyrins (16g, i; 94), they have never been isolated 
from natural material nor has any evidence been described to indicate their 
occurrence. 

As will be discussed subsequently, the formation and excretion of copro- 
porphyrins I and III, varying in relative and absolute amounts under different 
circumstances, has been well established. Their fundamental significance, 
however, is but poorly understood. The formation and excretion of uroporphy- 
rin I has come to be recognized as a characteristic feature of the metabolic error 
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Fig. 1. Structural formulae of coproporphyrin I and of protoporphyrin 9 (isomer type 
III), according to H. Fischer (24d). 





which constitutes porphyria, in contradistinction to the idiopathic or secondary 
coproporphyrinurias. The position of uroporphyrin III in the porphyrin scheme, 
is much less secure. Recent studies (32c; 100q) have shown that what has 
formerly been designated as uroporphyrin III is actually a mixture of uropor- 
phyrin I with a type III porphyrin, the latter, however, not having the elemen- 
tary composition of a uroporphyrin isomer. The uroporphyrin problem would 
require separate consideration from many standpoints, and except where it 


relates in an intimate way to the urinary coproporphyrin, it will not be included 
in the ensuing review. 


? Actually this is designated as protoporphyrin 9, since it corresponds in configuration 
with mesoporphyrin 9. Fischer further classified porphyrins having more than two types 
of side groups, on the basis of correspondence in configuration with one of the 15 meso- 
porphyrins. The latter have four methyl, two ethyl, and two propionic acid side groups. 
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The physical constants of the coproporphyrins and their metal complexes and 
esters, including melting points, crystal habitus, absorption and fluorescence 
spectra, and solubilities have been given in detail elsewhere (16i; 24k; 49; 50; 
100h). 

The coproporphyrin of normal urine. MacMunn (56), Saillet (76) and Garrod 
(27a, b, c) were the first to recognize the presence of a porphyrin in normal urine. 
These earlier investigators labored under the difficulty of rather crude spectro- 
scopes with which it was scarcely possible to distinguish between copro- and 
hematoporphyrin, the absorption spectra of which differ by not more than 
10 A (24k). Thus it is not surprising that the porphyrin of normal urine, as well 
as that found in increased amounts in a variety of pathological states, was be- 
lieved for many years to be the hematoporphyrin which Nencki and his co- 
workers first established as a well defined chemical entity (64). Schumm (79a, b) 
recognized the differing absorption spectra of the urinary porphyrin and hemato- 
porphyrin, indicating his belief that the former was identical with Fischer’s 
coproporphyrin (24a, b). This spectroscopic identity was confirmed by Fischer 
and Zerweck (24m). Hoerburger (39a) first purified the coproporphyrin of 
normal human urine, stating that it was the type I isomer on the basis of the 
crystal habitus of its methyl ester. Fink and Hoerburger (23) reported that the 
pH fluorescence curve of this crystalline material was that of coproporphyrin I. 
Crystals obtained from the mother liquor exhibited the habitus of the type III 
isomer. Watson (100e) isolated 0.13 mgm. of crystalline ester from 33 liters of 
normal human urine (one individual). The crystal habitus was that of type I, 
but the melting point was somewhat low at 228°C. (Coproporphyrin I methyl 
ester melts at 250°C., while the methyl ester of type III has a dimorphic melting 
point, i.e., 135°, 144°, 167-170°C. [24i, k].) This together with the fact that a few 
rosettes of prisms were obtained from the mother liquor suggested the presence of 
a smaller amount of type III isomer. By means of preliminary concentration on 
infusorial earth, Grotepass (33b) isolated the coproporphyrin from 10,000 liters 
of presumably normal human urine, pooled from a large number of individuals. 
Upon fractional crystallization of the yield, which was approximately 200 mgm., 
96 mgm. of type I and 87 mgm. of type III were obtained. As pointed out by 
Dobriner and Rhoads (161), the chief objection to Grotepass’ conclusion that this 
is the isomer distribution of normal human urine, is the possibility of inclusion 
in the pool of urine from an individual having a latent or symptomless type III 
porphyrinuria. It will be noted subsequently that such a condition may easily 
be overlooked. Furthermore, it was possible tiat chemical or metal exposure, 
or alcoholism (vide infra) was present in at least some of the individuals con- 
tributing to Grotepass’ pool. It was desirable, therefore, to know the isomer 
distribution in a series of urines for each of which it had first been determined 
that the concentration of total coproporphyrin was within the normal range 
(vide infra). Data of this type have recently been gained (100s) in a study of 30 
normal individuals, employing the differential precipitation ‘fluorescence quench- 
ing” technique (80b,e). The range of isomer distribution in this study was from 
65 to 92 per cent type I, and from 8 to 35 per cent type III. These 30 individuals 
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represented both sexes about equally, but were all below 30 years of age, the 
majority being students between 20-25. An additional group of 11 individuals 
of both sexes between the ages of 69-82 were also studied (100s). This revealed 
a slightly higher relative percentage of type III isomer. It appears, however, 
that this apparent increase is due to a mild decrease of type I. The range of 


values for the type I and type III isomers in the young and old individuals was 
as follows: 














YOUNG OLD 
I 16.—89 y per day 14.7—57 y per day 
Ili 1.4—31.7 y per day 4.5—34.3 y per day 





The concentration and per diem output of the total coproporphyrin in normal 
human urine has been determined repeatedly in the past, the reported values 


TABLE 1 


The average normal excretion of coproporphyrin in the urine as determined 
by various investigators 
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ranging from 1 to 8 y per 100 cc. (25c; 100s; w), and from 0 to 120 y per day. 
The results of a number of investigators, as obtained with a variety of methods 
(vide infra), are shown in table 1. 

The methods of determination have been, in the main, fluorimetric, depending 
upon the characteristic red fluorescence of the porphyrins in Wood’s light. In 
accordance with Stoke’s rule, the excited fluorescent light is of longer wave length 
than the exciting light which is absorbed (5a). For the coproporphyrins in 1 
per cent HCl the exciting light is 4010A (max.) (80f), while in 5, 10, 25 per cent 
HCl, the exciting wave lengths are 4018, 4030, and 4058 A (max.) respectively 
(79d). Fluorescence is excited to a lesser extent by light of 5480 A (max.). The 
fluorescence spectral band is found between 6200-6300 A, maximum at 6250 A 
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(5lb.). The fluorescence intensity has been measured in various ways including 
the Pulfrich stufenphotometer (22; 25b; 97c; 98d), or fluorophotometers such as 
the Pfaltz-Bauer (58a) Klett (100x), or specially constructed types (63; 96a). 
Spectrometric (16f; 78f; 79c), and colorimetric methods (16n; 92a, b) have also 
been employed. Fluorescence methods are considerably more sensitive and 
require smaller starting volumes of urine. 

In the study of isomer distribution in 41 normal individuals, as referred to in 
the above, the 24 hour quantity of total corproporphyrin was likewise determined 
in each instance. The range was from 14-99 y. The statistical significance of 
these findings is discussed in more detail elsewhere (100s). On the basis of this 
study, it is believed that the upper limit of normal is 100 y per 24 hours. The 
principal sources of error contributing to higher values obtained with colorimetric 
methods, as reported by others (20; 92b) are thought to be the measurement of 
impurities which are included due to insufficient preliminary purification. Thus 
it has been noted repeatedly that unless the porphyrin is taken back and forth 
twice between ether and HCl, unduly high values result, especially when the 
method depends upon absorption. Inadequate purification leads to unduly 
high values with colorimetric techniques and low values with those based on 
fluorimetry, in the former because of increased absorption of light, and in the 
latter because of masking of fluorescence, by impurities. Thus the method of 
Tropp and Siegler (93a) employs a continuous extraction apparatus which entails 
prolonged heating in boiling ether, together with any other impurities extracted 
from the urine. Experience* with continuous ether extraction has revealed 
consistent Joss, as contrasted directly with repeated extraction in a separatory 
funnel. Nevertheless, Tropp and Siegler’s range of normal values is slightly 
higher than ours, as noted in table 1. The reason for this is not apparent. 

Poulikakos and Tropp (69) found little or no relation of the per diem amount 
of porphyrin to the volume of urine, in normal individuals. With increased 
excretion of porphyrin, however, relative increases were observed with larger 
volumes of urine. 

Liver disease and jaundice. Garrod (27a, b, c) emphasized the occurrence of 
increased amounts of porphyrin, believed by him to be hematoporphyrin, in the 
urine in cases of liver disease. This has been confirmed by many subsequent 
investigators (9d; 16a; 240; 34b; 65; 96c; 100b, t, u). Fischer and Zerweck 
(240) showed that it was coproporphyrin which was increased, but did not de- 
termine the preponderant isomer type. van den Bergh (96c) found that copro- 
porphyrin appeared in the serum and was increased in amount in the urine, both 
in cases of liver disease and of mechanical or obstructive jaundice. He postu- 
lated that this was due simply to a faulty excretion by the liver of the copro- 
porphyrin normally present in the bile (96c). As will be discussed in more detail 
later, van den Bergh (96c) believed that this coproporphyrin is derived from the 
protoporphyrin of the erythrocytes, the conversion from one to the other being 
regarded as a normal function of the liver. Although later studies (77; 98a; 


* Unpublished. 
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100n) have not supported this belief, the finding has been generally confirmed 
that coproporphyrin is regularly increased in the urine of cases of regurgitation 
jaundice whether due to diffuse liver damage or to biliary obstruction (9d; 16a, i; 
65; 100b, t, u). Thus a recent study (1000, t, u) has revealed a significant 
elevation, usually from two to four times the upper limit of normal, in a series of 
cases of mechanical jaundice, and of jaundice due to hepatitis and cirrhosis. 
van den Bergh (96c) observed somewhat higher values in mechanical than in 
parenchymal jaundice, but did not attempt to employ the urinary coproporphy- 
rin value in a differential diagnostic way. The data recently reported (1000) are 
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Fig. 2. Total coproporphyrin in cases of hepatitis and cirrhosis. Case 19 in group b was 


studied about 18 months after the acute attack of infectious jaundice; case 47 in this group 
about 3 months afterward. 


shown in figure 2. It is evident from these and additional data which are discussed 
in separate communications (100t, u) that the total coproporphyrin determina- 
tion has relatively little value in the differential diagnosis of jaundice. 

Increase of the urinary coproporphyrin has been referred to frequently as 
a sensitive index of liver functional impairment (25a, b; 65; 98a). After alcohol 
ingestion, Franke (25a, b) observed prompt sharp increases which averaged 
100 per cent, following one liter of beer or 90 cc. of cognac. Significant and 
rather uniform increases were also recorded by Franke in cases of “catarrhal’’ 
jaundice, subacute atrophy of the liver, cirrhosis of the liver, mechanical jaundice, 
and passive congestion of the liver. Franke noted generally higher values in 
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parenchymal than in mechanical jaundice. He did not regard the high values 
observed in 45 cases of lead poisoning as related to liver injury, as he found no 
evidence of the latter from the standpoint of other investigations. This matter 
will be considered in more detail later. 

The first determination of isomer type in an instance of liver disease was 
carried out on urine from a case of cirrhosis of the liver which followed the use 
of cinchophen (100e). From the standpoint of the effect of chemical toxicity on 
porphyrin metabolism (vide infra), it may be noted, however, that a considerable 
interval of time had elapsed in this case, between the ingestion of the cinchophen 
and the time of isolation of the porphyrin. The latter proved to be the type I 
isomer. Subsequently, Dobriner (16a) isolated coproporphyrin I from the urines 
of a number of cases of various diseases, including atrophic cirrhosis, catarrhal 
jaundice, obstructive jaundice, hemolytic jaundice, Hodgkin’s disease, and 
febrile states such as lung abscess and lobar pneumonia. Coproporphyrin I 
was likewise isolated from the urine in cases of fever due to lung abscess, and 
in hemolytic jaundice, by Watson (100b) who also found it in the bile (100f), 
and believed that the increase in these conditions was related to impaired 
hepatic excretory function. In Dobriner’s study, an excess of coproporphyrin I 
was found in all of nine cases of catarrhal jaundice. These were presumably 
instances of infectious hepatitis. More recently, uniform increases of the type I 
isomer have been noted in the urine during the icteric stage in 57 cases of this 
disease (1000, t). In several of the cases of this series, the 24 hour amount 
exceeded 400 gamma. Of greater interest, however, was the finding of an in- 
creased urinary coproporphyrin for varying periods, often many months, after 
the disappearance of jaundice (see fig. 2). This persistence, together with 
collateral evidence has been interpreted as an indication of the presence of 
residual or chronic hepatitis. Similar slow decreases during convalescence 
of ‘‘catarrhal jaundice” had been observed previously (9d; 16a; 93a). In 
cases of cirrhosis following infectious hepatitis the excessive coproporphyrin 
has likewise been found to consist of the type I isomer (1000, t). This finding is 
in striking contrast to that in the majority of cases of cirrhosis in chronic alco- 
holics, in which the increase is due to the type III isomer (100u). Dobriner 
had previously reported an excess of type I in 6 cases of “atrophic cirrhosis,” 
and of type III in one such case, but without stating which, if any of these 
instances, were chronic alcoholics. 

The effect of aleohol on porphyrin metabolism has not yet received sufficient 
study. This problem will be dealt with now because of its close relation to that 
of hepatic cirrhosis, rather than in the later section dealing with chemical toxicity. 
Franke’s finding of a sharp increase of coproporphyrinuria in acute experiments, 
has already been cited. This was confirmed by Brugsch and Keys (9f) who also 
noted increases in chronic alcoholism and isolated the type I isomer in two cases 
and the type III in one. Watson (100i) isolated coproporphyrin III from the 
urine in alcoholic pellagra (vide infra). In a study which is still in progress and 
which will be reported in detail elsewhere (90), it has been found that the great 
majority of chronic alcoholics excrete excesses of type III isomer while drinking 
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but usually exhibit a normal porphyrin excretion within a short time, often 
indeed a few days after complete abstinence from alcohol. Thus it is of con- 
siderable interest that an increased coproporphyrin III excretion persists in 
many instances of cirrhosis, in chronic alcoholics, long after the ingestion of 
alcohol has stopped. It appears, in other words, that some peculiar factor is 
operative in these cases which may relate not only to the persistence of the type 
III coproporphyrinuria, but also to the development of cirrhosis. Illustrative 
data are presented in separate communications (90; 100u). , 

Dobriner (16a) found coproporphyrin III in a case of hemochromatosis. 
In unexplained contrast to this finding, an excess of coproporphyrin I has 
recently been observed in the urine of two cases of hemochromatosis (100u). 
This discrepancy will be referred to again in the following. 

Blood diseases. Fischer and Zerweck (24m) identified coproporphyrin in the 
‘urine of pernicious anemia patients. Garrod (27b) had previously referred to 
this as hematoporphyrin. Giinther (34b), however, failed to observe increased 
“hematoporphyrin” in the urine in cases of pernicious anemia. The copro- 
porphyrin in both urine and feces in this disease has been shown to be the type I 
isomer (16h; 98c; 100f). Inconstant increases in the urine of moderate degree 
have been discussed by Dobriner and Rhoads (16g). The same is true in hemo- 
lytic anemia, which, like pernicious anemia in relapse, is characterized by consid- 
erable increases of coproporphyrin I in the feces. There is some evidence that 
the latter is related to the rate of erythropoiesis (16d, h, m; 80f; 100f) (vide 
infra). The inconstant and variable increases in the urine in both of these 
diseases may well be analogous to the variable urobilinogenuria which is believed 
to relate to hepatocellular functional impairment (10a, f). 

Vannotti (97c) was the first to report an increase in urinary porphyrin in 
a case of aplastic anemia. Dobriner, Rhoads and Hummel (16j), studied six 
eases of refractory or aplastic anemia in four of which an increase was found 
to be composed of a mixture of coproporphyrin I and III. In two additional 
cases, the presence of the type III isomer was suggested, but could not be proven. 
Dobriner and his co-workers considered the possibility that the increase of 
coproporphyrin III in these cases indicated a toxic or extrinsic chemical factor 
in their etiology. The relation of chemicals and heavy metals to type III 
coproporphyrinuria will be discussed in more detail in a later section. Recent 
studies of urinary coproporphyrin excretion in 12 cases of refractory or aplastic 
anemia, carried out by means of the differential precipitation technique (80b, e) 
have revealed a range of total coproporphyrin of from 119-363 y per 24 hours, 
of which 56-92 per cent was the type II] isomer. These data will be presented 
in detail in a separate communication (100v). 

Inconstant mild increases of urinary coproporphyrin in leukemia have been 
reported in the literature:and are discussed by Dobriner (16b, i). Dobriner 
(16b) found increases in cases of Hodgkin’s disease ranging from 200 to 600 
micrograms in febrile cases, shortly before death. This was ascertained to be 
the type I isomer in 6 instances. It was therefore of particular interest that 
in the course of a more recent study (100v), relatively large amounts of copro- 
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porphyrin III were encountered in three cases of Hodgkin’s disease, while in 
two others, the excess was the type I isomer. This difference has not been 
explained; it will be referred to again in the discussion of origin and significance 
of the urinary coproporphyrins. 

Hemorrhage and the effect of blood in the gastrointestinal tract. Duesberg (17a), 
studying hemorrhage in rabbits, did not observe any increase in urinary por- 
phyrins. Dobriner and Rhoads (16h) found an increase in total coproporphyrin 
excretion in dogs, after bleeding from the jugular vein; the percentage of this 
increase, if any, excreted in the urine, was not stated. Dobriner’s interpretation 
of this finding will be discussed later. 

Increases of urinary porphyrin have repeatedly been ascribed to the presence 
of blood in the intestinal tract (6; 9a, b; 24h; 79c; 86a; 97c). The inconstant 
character of these increases induced Kaunitz (46) to administer hemoglobin, in 
20 gram quantities, to normal individuals and to patients with various disorders, 
including liver disease. It was found that negligible, if any, increase occurred 
in the former, but that significant elevations were cémmon in the latter group, 
especially in the cases with liver disease. Kaunitz interpreted this to indicate 
a formation of the type III isomer in the intestinal tract followed by partial 
absorption into the portal circulation with disposition by the normal liver, 
so that little or none was allowed to enter the general circulation and appear in 
the urine, while in the case of the damaged liver variable fractions gained access 
to the urine. The study of Jakob (42) offered indirect support for this belief. 
According to this study certain bacteria are capable of elaborating copropor- 
phyrin III from hemoglobin, in vitro. Kammerer (43a) had previously demon- 
strated the bacterial formation of protoporphyrin from hemoglobin, in vitro, 
but he believed that this transition required a symbiotic growth of anaerobes 
with E. coli, while others have shown that symbiosis is unnecessary, and that 
in the presence of hemoglobin, pure cultures of E. coli are capable of the elabo- 
ration of protoporphyrin (38a) and of coproporphyrin III (42). 

The question of the relation of blood in the gastrointestinal tract, and of 
the bacterial flora of the intestine, to the urinary coproporphyrin, under normal 
and pathological conditions, has been studied in some detail in this laboratory 
(53a, b). Jakob’s findings have been confirmed including the observation that 
certain strains of bacteria can synthesize coproporphyrin III in the absence of 
any demonstrable heme pigments or porphyrins, but in the presence of protein. 
It was not elaborated in synthetic media of the Gladstone type. In this con- 
nection it may be noted that Coulter and Stone (13) observed formation of 
coproporphyrin by diphtheria bacilli in bouillon cultures. The rate of forma- 
tion appeared to be proportional to the toxin production. The isomer type 
was not determined. 

Nevertheless, the recent study just referred to failed to support Kaunitz’ 
view that hemoglobin in the intestinal tract causes increased coproporphyrinuria, 
even in the presence of liver functional impairment. No significant increases 
were observed in several instances of outspoken liver disease, following feeding 
of hemoglobin in amounts as large or larger than those which Kaunitz gave. It 
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is believed of even greater significance that there was repeated failure of ab- 
sorption of coproporphyrin III given by mouth, after administration of 3-5 mgm., 
together with lack of increase of the coproporphyrinuria in such experiments. 
Thus it would appear that while the bacterial flora of the colon may produce 
small amounts of coproporphyrin III even in the absence of hemoglobin, the 
presence of this porphyrin in the bowel bears little or no relation to the amount 
in the urine. The results of this study, in fact, strongly indicate that the copro- 
porphyrin IIT of human urine is a truly endogenous metabolite. Whether this 
applies as well to the type I isomer is not certain. This problem will be con- 
sidered later (vide infra), but it may be noted at this point, that in one experi- 
ment in which 3 mg. of coproporphyrin I was administered orally, no increase 
was observed in the urine and approximately the amount given was recovered 
in the feces. 

There is no evidence that chlorophyll in the diet contributes to the copro- 
porphyrin of the urine. Brugsch (9d, g) has discussed this problem in detail. 

Fever and infectious disease. ‘The finding of coproporphyrin I in febrile states 
associated with pneumonia (16a) and lung abscess (16a; 100e) has already 
been referred to, and the possibility was considered that these increases were 
related to hepatic functional impairment. 

More recently Cartwright and co-workers (11b) have observed increased 
coproporphyrinuria regularly in association with the anemia of pyogenic in- 
fection. The isomer type was not stated. 

The uniform increase of coproporphyrin I in the urine of cases of infectious 
hepatitis during the icteric stage of the disease, and in many instances persisting 
after disappearance of jaundice, has also been mentioned. It was therefore 
an unexpected finding of much interest that the urine of cases of acute polio- 
myelitis regularly contained significant increases of type III isomer (100r). 
In general, larger amounts of total coproporphyrin, ranging up to 1000 gamma 
per day with 60-90 per cent of coproporphyrin III, were encountered in the 
more seriously ill patients, especially the bulbar type, but a strict correlation 
with severity or type has not been determined. Of 64 cases of the disease, 
56 exhibited amounts of total coproporphyrin in excess of 100 gamma. In 
some instances in which the total coproporphyrin value was normal, the per- 
centage of the type III isomer was abnormally high. Figure 3 shows the total 
coproporphyrin values and isomer distribution in 51 cases, as compared with 
the normal range. In a number of these instances crystalline coproporphyrin III 
methyl ester was isolated, thus confirming the results obtained by means of the 
differential precipitation technique (80b, e). The cause of this increase is un- 
known. Kliiver (51a, b) established the presence of small amounts of copro- 
porphyrin in the white matter of the central nervous system of warm blooded 
animals, and identified it tentatively as the type III isomer (5lc). Based 
on studies of bacterial metabolism, Granick and Gilder (31) suggest that copro- 
porphyrin may function as a regulator for the rate of oxygen consumption by 
living cells. It remains to be determined whether the coproporphyrin of the 
central nervous system has such a réle. Studies by Chu and Watson (12) 
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have also tentatively identified the porphyrin as coproporphyrin III and have 
established the concentration at about 0.02-0.03 gamma per gram of human 
brain. It was found impossible to increase the concent” .iion in rabbit brains 
by poisoning the animals with lead, in spite of the fact that a 10 or 20 fold in- 
crease of urinary coproporphyrin III was effected (12). Nor was it possible 
to achieve any increase in concentration in dogs’ brains by injecting relatively 
large amounts of coproporphyrin III into the internal carotid artery one-half 
hour before the animals were killed and the brains examined (12). These 
observations render much more difficult the correlation of the above mentioned 
urinary findings in poliomyelitis with the central nervous system coproporphyrin; 
nevertheless, there may be a relationship and this possibility is receiving further 
study at the present time. 
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Fig. 3. Total coproporphyrin and per cent of type III isomer in 64 cases of poliomyelitis. 
The shaded area in the lower left corner represents the normal range. From the paper 
**Coproporphyrinuria (type III) in acute poliomyelitis,’”’ by C. J. Watson, Wm. Schulze, 
Violet Hawkinson, and A. B. Baker, Proc. Soc. Exper. Biol. and Med., 64: 73, 1947. Re- 
produced by permission of the publishers. 


The fact that two virus diseases such as infectious hepatitis and acute polio- 
myelitis are sharply differentiated on the basis of the urinary coproporphyrin 
isomer distribution, indicates that other virus diseases should be investigated 
in this regard. A study is in progress which will embrace both neurotropic 
virus affections such as encephalitis and Guillain-Barre’ radiculitis, and those 
which are not neurotropic, such as atypical pneumonia, psittacosis and others. 
At the present time, the literature does not contain any data of this type. It 
is of interest, however, that in another disease of the brain, namely schizophrenia, 
Libowitzky and Scheid (55) report that the febrile episodes which are often 
observed, were characterized by an increased urinary coproporphyrin type I. 

Kapp and Coburn (44a) described an increase of urinary coproporphyrin in 
acute rheumatic fever, thus giving emphasis and definition to the observations of 
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MacMunn on urohematin (56), and of Garrod (27a) and Stokvis (86b) on 
hematoporphyrin, many years earlier. Kapp and Coburn were able to isolate 
coproporphyrin III from the pooled samples of a number of cases. Kapp (44b) 
noted that the coproporphyrin was excreted in considerable part as the zinc 
complex. In several instances ‘‘sudden fatalities were preceded by intense 
porphyrinuria.” In addition Kapp and Coburn state “the excretion of ab- 
normally large amounts of porphyrin in acute rheumatism bore no relation to 
fever, haematuria, or the use of therapeutic measures per se.” No mention 
was made in these papers of the use of salicylates or amidopyrine, although 
Dobriner and Rhoads (161i) state that Kapp and Coburn’s patients were receiving 
these drugs at the time of the porphyrin isolation. Brownlee (8a) showed that 
amidopyrine, amongst other drugs of the coal tar group, produced copropor- 
phyrinuria type III in rats. So far as can be determined, the effect of salicylates 
on porphyrin excretion has not been investigated. Watson and Hawkinson‘ 
have found moderate and variable increases of urinary coproporphyrin in acute 
rheumatic fever. These increases, however, were composed in all instances 
of the type I, rather than the type III isomer. The possibility was considered 
that the basis of the increase was a febrile or toxic effect on the liver. The 
administration of salicylates was without definite effect on the porphyrin ex- 
cretion, no increases of type III isomer being observed. 

Porphyria and idiopathic coproporphyrinuria. As noted at the outset, the 
entity of coproporphyrin was first established by H. Fischer who isolated it, 
together with uroporphyrin, from the urine of Petry, the celebrated case of 
porphyria (24a). This coproporphyrin was subsequently classified as the type I 
isomer (24e). Coproporphyrin III was likewise first obtained from the urine 
of a case of porphyria of the congenital, or light sensitizing variety (24e, f; 
96a). Experience has revealed, however, that this latter finding is somewhat 
exceptional and that it is more common to find the type III isomer in the urine 
of the so-called acute type, i.e., that which is characterized by abdominal or 
nervous manifestations, while the type I isomer is most often encountered in 
the light sensitive variety, such as represented by the case Petry. The idea 
has even been advanced (62; 78a) that a strict chemical separation of the two 
types might be made on a chemical basis, but it is evident that there are too 
many exceptions, instances in which coproporphyrin I was isolated from the 
abdominal or nervous type (lla; 24j; 101), and coproporphyrin III from the 
light sensitive type, both in human cases (24f; 96d), and in cattle (73a, e), or, 
as in certain cases, both isomers in approximately equal amount (16b; 96a). 
Thus the case of van den Bergh and Grotepass (96a) was an instance in which 
photosensitivity was prominent, and which is also of much interest because of 
coproporphyrinemia and the presence of large amounts of the two coproporphyrin 
isomers in the feces, without a definite increase in the urine. In this case, 
Grotepass and Defalque (33c) were able to achieve isolation only by collection 
and concentration on infusorial earth, over a long period of time. Taylor and 


* Unpublished. 
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co-workers (91) have recently isolated both isomers I and III from a case of 
“chronic” porphyria in which the prominent clinical features were abdominal 
pain and skin lesions due to photosensitivity. As mentioned at the outset, 
the term porphyria connotes the formation of uroporphyrin, for which there 
was no evidence in either of these last two cases. At present the question 
cannot be answered as to whether such cases differ fundamentally from porphyria 
or represent simply an unusual variation of the disease. As noted in the fol- 
lowing it is even more difficult to classify certain instances in which large excesses 
of coproporphyrin are excreted without co-existence of any of the usual symptoms 
of porphyria. 

The separation of the two main clinical types of porphyria on the basis of 
isomer I or III excretion became still further complicated with the finding that 
the Waldenstrém porphyrin, which had come to be regarded as uroporphyrin III 
(11a; 60b; 99a, b, c) is actually a complex mixture of uroporphyrin I and of a 
type III porphyrin which may have seven rather than eight carboxyl groups 
(32c; 100q). The Waldenstrém type porphyrin has only been encountered in 
the urines of cases of the intermittent, acute porphyria and may undoubtedly 
be regarded as a distinctive feature of this form of the disease, although not as 
an isomer of uroporphyrin I. 

Waldenstrém (99c) stated that in the acute type of porphyria little or no 
coproporphyrin was to be found in the urine and that for this reason he had not 
isolated it. In two cases in which uroporphyrin was isolated from the urine, 
Waldenstrém obtained coproporphyrin I from the feces. H. Fischer and 
Libowitzky (24}) had previously found both uro- and coproporphyrin I in the 
urine of a case of acute porphyria. In the cases studied by Mertens (60b) 
and Bingel (4a), the daily amount of uroporphyrin in the urine ranged from 
50-100 mgm., while the coproporphyrin approximated 1 mgm. Recently 
Brunsting and Mason (10b) described a case of porphyria of mixed type 
characterized by epidermolysis bullosa, pigmentation of the skin and neuropathy. 
During one 24 hour period this patient excreted 11.4 mgm. of uroporphyrin and 
2.0 mgm. of coproporphyrin. Uroporphyrin I was identified, but the isomer 
type of the coproporphyrin was not determined. While the concentration 
of coproporphyrin in the urine of cases of intermittent acute porphyria is 
thus comparatively slight, it usually suffices to permit isolation from relatively 
small volumes. Representative data from a number of cases are given in table 2. 
Actually a number of other cases studied exhibited equal or greater concen- 
trations of coproporphyrin but in these instances it was not quantitated, the 
main attention being given to isolation of the Waldenstrém porphyrin (32c; 
100q). 

In certain cases, as for example no. 9 in table 2, the amount of coproporphyrin 
considerably exceeded that of uroporphyrin. The reason for this is not clear. 
The data in this case, over a considerable period of time, are shown in figure 4. 
‘ As may be noted, this patient suffered a spontaneous relapse while in the hospital, 
for which no precipitating factor was ascertained. During this relapse it is 
seen that the urine was characterized by an increase of all of the abnormal 














URINARY COPROPORPHYRINS IN HEALTH AND DISEASE 491 


elements, including the porphobilinogen and porphobilin, uro- and copro- 
porphyrins. It may be noted, too, that the amount of zinc complex was rela- 
tively larger during the relapse. The significance of the combination of uro- 
and coproporphyrin with zinc, is unknown. Giinther (34a) recognized that the 
urinary porphyrins in cases of porphyria were often partly combined with a 
metal. Derrien and co-workers (15a, b) described zinc uroporphyrinuria and 
even ascribed a protective or detoxifying action of the zinc. So far as can 
be determined this suggestion has not received further attention. Watson 
and his associates (100k, 0, q) have likewise observed the zinc complex of Walden- 











TABLE 2 
Relative amounts of copro- and uroporphyrin in cases of intermittent acute porphyria 
PATIENT NUMBER "a IN ee TYPE baat yoo IN 
1 144 (III) * 708 
2 378 (IIT) 5,250 
3 156 (I) 2,340 
4 460 (I) 33,000 
554 147,000 
301 37 ,000 
5 160 508 
6 182 
250 
312 
300 
7 307 (1, IIT) 
406 34,000 
8* 256 120 
240 (IIT) 
9 (see fig. 4) 401 (IIT) 160 
484 110 
| 2,582 412 
| 1,306 307 
150 75 
10* 182 (III) 61 











* Latent cases; mother and aunt, respectively, of case 9. 


strém’s uroporphyrin as a regular component of the urine in cases of intermittent 
acute porphyria. The data shown in figure 4 reveal that a considerable fraction 
of the coproporphyrin was likewise complexed with zinc. The possible contri- 
bution of soft glass to this complex was excluded by making the collection in 
Pyrex bottles only. The occurrence of the zinc complex of coproporphyrin 
is not peculiar to porphyria; Mertens (60a) observed it in the urine in cases of 
. lead poisoning, a finding which we can confirm. Thus in one instance the 
24 hour urine contained 1686 y as the metal complex and 1107 y as free copro- 
porphyrin. The absorption spectrum and HCl numbers have repeatedly been 
noted to correspond with those of the zinc complex (24k; 100q). 
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Dobriner and co-workers (161) isolated a natural ester of coproporphyrin I 
from a case of congenital porphyria. This melted at 251°C. The HCl number 
was 0.3-0.5 per cent, from which concentration the compound was readily ex- 
tracted by CHCl;. While the esterifying group could not be identified, it was 
thought to be lipid in character. So far as can be determined this has not been 
encountered in other cases. 

As noted in figure 4, porphobilinogen was present in the urine in association 
with uro- and coproporphyrin. The term porphobilinogen refers to a chromogen 
which exhibits an Ehrlich aldehyde reaction, and which is believed to be a pre- 
cursor of uroporphyrin and porphobilin (99c, g). The latter is a brown pigment 
not possessing porphyrin characteristics and formerly referred to as “urofuscin” 
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Fig. 4. Acute porphyria; excretion of porphobilinogen and of uro- and coproporphyrin, 
both free and zinc complex, during remission and relapse. M. ° C. 25 (case 9 in table 2). 


(99c). It has long been known that the urines of cases of ‘‘acute” porphyria 
often exhibit an Ehrlich reaction, although whether due to urobilinogen or 
porphobilinogen was not determined in the past, since a method for differentiating 
these chromogens has only lately been described (99c; 100y). Insofar as the 
present subject is concerned, the question arises as to whether coproporphyrin 
is likewise excreted at least in part as a porphobilinogen. It is quite clear that 
even marked increases of urinary coproporphyrin are not associated with a por- 
phobilinogen-Ehrlich reaction (100y), except in cases of porphyria in which 
uroporphyrin is also present. We have observed but two instances in which 
questionable reactions were encountered, and we have not found any proven 
examples in the literature. This does not, of course, exclude the possibility 
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that some of the coproporphyrin is excreted as a chromogen, but if so it does not 
have the behavior of porphobilinogen as found in the urine of porphyria cases, 
such as shown in figure 4. 

The presence of large excesses of coproporphyrin, or of uroporphyrin, in the 
urine, is not correlated with the appearance of the corresponding porphyrins in 
the blood. In some instances uro- and/or coproporphyrin may be noted. 
Schumm (79a) observed uroporphyrin in a case of congenital porphyria in an 
approximate concentration of 1 mgm. per 100 cc. The urine in this case con- 
tained both uro- and coproporphyrin I. H. Fischer Jand Zerweck (24m) later 
reported the presence of coproporphyrin in the same case; in a separate report 
in the same year, however, they described uroporphyrinemia in this case (240). 
In other cases of porphyria, both congenital (light sensitive) and intermittent 
acute in type, coproporphyrin has been noted in the serum (40; 78d; 96a; 96d). 
We have noted it repeatedly in 3 cases of the latter type, and have not been 
able to detect it in 6 others. 

In one case the amount of coproporphyrin in the serum was determined to be 
20 y per 100 cc., while at the same time, the 24 hour urine sample contained 
300 v of coproporphyrin, most of which was type III. This sample also con- 
tained 1800 y of uroporphyrin of the Waldenstrém type melting at 258°C. 
and separating on the CaCO; column into uroporphyrin I methyl ester (284°C.), 
and the 208° porphyrin (32c.). 

The protoporphyrin of the erythrocytes has not been increased in several 
of our cases of intermittent acute porphyria, even during relapses of the disease 
when large amounts of uro- and coproporphyrin were found in the urine. Roth 
(75a) on the other hand studied a case in which the erythrocytes contained 
74 y of protoporphyrin per 100 cc., the urine 79 y of coproporphyrin in a 24 hour 
sample. This was classified as an instance of “chronic” porphyria (Giinther), 
since abdominal pain was associated with light sensitivity. The presence of 
diarrhea and hypochromic anemia suggest, however, that the moderate increase 
of the erythrocyte protoporphyrin was due, not to porphyria, but to iron de- 
ficiency (100p); the value for the urinary coproporphyrin was within normal 
limits. 

The problem of excessive coproporphyrinuria without known cause is of much 
interest. For the time being at least, it is believed preferable to classify such 
cases, in which no uroporphyrin is found, as idiopathic coproporphyrinuria, 
rather than as porphyria, reserving the latter term to indicate a constitutional 
fault. This is in agreement with the separation emphasized by Waldenstrém 
(99c). At the same time it is recognized that certain cases excreting increased 
coproporphyrin, without uroporphyrin, may also represent “inborn errors of 
metabolism” (27d). A particularly interesting example of marked copro- 
porphyrinuria without known cause has been studied recently (100w). This 
individual had no symptoms whatever, the excessive urinary coproporphyrin 
being noted in the course of a routine study of a large number of workers engaged 
in a special project. The urinary coproporphyrin was consistently in the range 
of 1-6 mgm. per day, practically all of which was the type III isomer. The 
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feces contained larger amounts of the same porphyrin, ranging up to 70 mgm. 
per 100 grams. None was detected in the blood at any time. It was readily 
established that the bile was rich in coproporphyrin III, but whether due to 
an enterohepatic circulation of porphyrin, could not be established. It appeared 
unlikely that an abnormal bacterial flora in the colon constituted an etiologic 
factor, since the bowel movements were normal and there were no symptoms 
referable to the intestinal tract. It was of interest that this man was a chemist 
who had worked in the past with heavy metals, especially lead and mercury. 
While there were no evidences of metal poisoning, the possibility was considered 
that a marked over production of coproporphyrin III may have been related 
to the effects of heavy metals or other chemicals (vide infra) in an individual 
of peculiar constitution. 

Several cases have been studied (100x) in which intermittent abdominal 
pain was associated with moderate increases of urinary coproporphyrin, ranging 
from 120-600 y per day, with an increased percentage of the type III isomer. 
Nothing was found in these cases to explain the increases. The fecal flora 
studied in certain of the cases did not appear abnormal. Nor were the symptoms 
or porphyrin excretion affected by a period on the Kimmerer diet (43b). This 
meat free diet is low in heme and porphyrin and was used by Kammerer and 
Meyer in a similar case which they studied. Although they believed that the 
addition of liver or meat to this diet caused a significant increase of copropor- 
phyrinuria, the data given are not convincing. 

Barber and Howitt (1) reported several instances of photosensitivity in chil- 
dren, in which an increased fecal porphyrin was observed. It was not at all 
clear, however, that the porphyrin was in any way related to the photosensitivity. 
The type of porphyrin was not determined either in feces or urine and the state- 
ment that porphyrin was increased in the feces was based solely upon spectro- 
scopic studies. Urbach (95a, b) also associated spasticity of the colon and 
dermatitis, especially solar eczema, with increased porphyrin formation in the 
bowel which was ascribed to an abnormal bacterial flora. Quantitative methods 
were not employed in this study. Alteration of the flora toward the normal, 
ascribed to elimination of animal protein from the diet, was said to result in 
marked improvement. Haranghy (36) reported an interesting case characterized 
by abdominal colic and circulatory disturbances. The urinary porphyrin was 
not increased but there was a marked increase in fecal porphyrin (type not 
mentioned). ‘This was believed dependent on an abnormal flora which was 
almost wholly gram-negative It may be noted, however, that there were 
bleeding intestinal ulcers in the case, which may well have been significant 
from the standpoint of porphyrin formation. 

The study of Reitlinger and Klee (72) is of interest with respect to the possible 
relation of coproporphyrin to abdominal colic, although it does not aid in de- 
termining the origin of the porphyrin. This study showed that very dilute 
solutions of coproporphyrin I instilled into exposed loops of rabbit intestine 
caused prolonged spastic contraction which was refractory to atropine. 

The effect of chemicals and metals. In this group the effect of lead poisoning 
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was the first to receive study, increases in urinary porphyrin being observed 
by Garrod (27a, c) and Stokvis (86a) in human cases, and by Stokvis in experi- 
mental lead poisoning in rabbits (86a). The latter investigator believed that 
the porphyrin was derived from hemoglobin in the intestinal tract, which in 
turn was liberated by virtue of mucosal hemorrhages. In later studies (vide 
infra) it has been shown repeatedly that coproporphyrin III is the porphyrin 
which appears in the urine in excess, and, as noted previously, the evidence 
for a derivation of coproporphyrinuria III from blood in the intestinal tract is 
very dubious; furthermore, intestinal bleeding is not a feature of human lead 
poisoning. Stokvis’ view has not been supported by any subsequent studies 
although it was subscribed to by Brugsch (9d). In several instances the feces 
have contained coproporphyrin I at a time when the urine yielded marked 
excesses of the type III isomer (98c; 100e). 

Schumm (79b) was the first to identify coproporphyrin in the urine of cases 
of lead poisoning, and Grotepass (33b) first showed that it is the type III isomer, 
a finding which Fischer and Duesberg (24f) reported in the same year with 
respect to experimental lead poisoning in rabbits. Subsequent studies (16h; 
60a; 98e; 100e) have extended and confirmed these observations with the result 
that coproporphyrinuria III has come to be recognized as a regular feature of 
lead intoxication. Giinther’s belief (34a) that this was of diagnostic value has 
been amply confirmed by later work (25c; 45b; 67; 78e) which has emphasized 
its value in industry. Franke and Litzner (25c) found a range of 12 to 181 
per 100 cc. of urine in 43 workers, as compared with a normal of 3-7; 17 of 
the 43 had concentrations greater than 50 y per 100 cc., and most of these 
exhibited other evidence of lead poisoning, including basophilic stippling. The 
experience of various investigators is shown in table 3. 

The amounts noted in table 3 are insufficient, as a rule, to cause a red urine. 
This is, in fact, but rarely noted in lead poisoning. A case in which the urine 
was “port wine” color was observed by Crawford (14). 

Knowledge of the effect of other metals on the urinary coproporphyrin is much 
more fragmentary. Considerable increases following mercury have been 
recorded by Vannotti (97b) and by Vigliani and Libowitzky (98c), but in both 
of these cases there were confusing complications, viz., a hematuria and hemo- 
globinuria in the former and a cirrhosis of the liver with chronic alcoholism in 
the latter. In Vannotti’s case, there was light sensitivity and both uro- and 
coproporphyrin I were isolated, the daily output of the latter during the period 
of manifest illness ranging from 4 to 12 mgm. Two years later there was still 
light sensitivity and the coproporphyrin excretion ranged between 200-1300 y 
per day. The uroporphyrin was found for a short time only during the acute 
poisoning and brings up the question as to whether this was a case of latent 
porphyria in which mercury was a precipitating factor: 

Insofar as the case of Vigliani and Libowitzky is concerned, it has already 
been noted that coproporphyrin III is usually present in excess in cases of cir- 
rhosis in chronic alcoholics, and thus it would be difficult to ascribe the excess 
in this case to mercury. 
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Hoerburger and Fink (39b) isolated coproporphyrin III from the urine of a 
case of salvarsan toxicity which had been studied by Schreus (78c). Subsequent 
studies (10c; 81) have revealed frequent significant increases in patients receiving 
salvarsan, more particularly in cases having exfoliative dermatitis (10c). 

We have recently investigated a case of chronic arsenic poisoning characterized 
by typical hyperkeratoses, peripheral neuritis, and anemia. Arsenic was found 
in marked excess in the hair and urine, and, although the source was never 
proved, there was reason to believe that the patient had been poisoned in- 
tentionally. The urinary coproporphyrin excretion ranged from 1 to 3.2 mgm. 
per day. Since this patient had worked as a filling station attendant, at times 
siphoning tetraethyl lead gasoline and handling batteries, the possibility was 
considered that he also had lead poisoning. The presence of severe anemia and 
basophilic stippling were somewhat more suggestive of lead than of arsenic 
poisoning. The erythrocyte protoporphyrin in this case ranged from 200-400 y 














TABLE 3 
Urinary coproporphyrin excretion in humans with lead poisoning 
AUTHOR PER DIEM EXCRETION* PREDOMINANT ISOMER TYPE 
Grotepass (33a). ...................:. To 8.0 milligrams Copro-III 
Schreus and Carrié (78e).............. To 1.8 milligrams Copro-III 
er be tac dosccees To 1.4 milligrams Not determined 
Watson (100e)....................005. To 1.0 milligrams Copro-III 
Vigliani and Angeleri (98b)........... To 3.4 milligrams Not determined 
ESE ee To 5.0 milligrams Not determined 
Vigiliani and Libowitzky (98c)........ To 2.0 milligrams Copro-III 
Vigliani and Waldenstrém (98e)....... To 3.1 milligrams Copro-III 
Kark and Meiklejohn (45b)........... To 1.2 milligrams Not determined 





* The values are not entirely comparable, as they are based in some instances on the 
yield of crystalline ester, and in others on fluorimetry. 


per 100 cc. of erythrocytes, as compared with a normal range of 10-30 y (100p). 
Data are not available with respect to the erythrocyte protoporphyrin in arsenic 
posisoning. Serum and urine lead determinations in this case were just at 
the upper limits of the normal ranges and were therefore not diagnostic. 
Certain other investigations of the effects of metals on porphyrin excretion 
in animals may be mentioned. Thus Sumegi and Putnoky (89) observed that 
Pb, Hg, Bi, Cu, Zn, Fe, Au and Ag caused loss of weight in white rats, together 
with hyperfunction of the thyroid and porphyrinuria. Also mentioned were 
disturbances of liver and renal function. The intensity of these disturbances 
decreased in general in the order of the metals given. Thyroid hyperfunction 
and disturbance of porphyrin metabolism were greatest with Pb, Hg and Bi. 
These investigators found also that porphyrin alone, injected into rats, caused 
intense thyroid hyperfunction. Because of this they concluded that the por- 
phyrin stimulated centers in the mid brain thus inducing a thyrotoxicosis. 
Obviously this study is of much interest and the results need to be confirmed. 
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Recently the effect on the urinary coproporphyrin of lead, uranium, thorium, 
beryllium, lanthanum, zirconium, mercury, and arsenic has been studied in 
both acute and chronic experiments on rabbits (80c). Insofar as lead is con- 
cerned the results of this study have confirmed those of previous investigators. 
Marked increases of type III isomer excretion, often persisting for a number of 
months, were noted to follow single injections of from 8-50 mgm. of lead (given 
as lead acetate) per kilo of body weight. Thorium, zirconium and lanthanum 
did not cause an increase except in animals which had received lead several 
months previously. Since this was associated with an increased excretion of 
lead, it was postulated that the mobilized lead rather than the newly administered 
metal of other type, was responsible for the increased coproporphyrin III. 
Uranium was found to cause a marked decrease in coproporphyrin excretion 
during the acute stage of poisoning. This was ascribed to renal injury. Smaller 
amounts were followed by a sustained, moderate increase. Injection of arsenic 
resulted in considerable increases of short duration. | 

A considerable literature has accumulated with respect to the relation of 
sedatives to porphyrin excretion and porphyria. The use of sulfonal and trional 
has often been followed by a disease which is indistinguishable from the inter- 
mittent acute porphyria of idiopathic type. Uroporphyrin has been isolated 
repeatedly from the urine. Ellinger and Riesser (19) noted a melting point 
of 255-257°C. which suggests a Waldenstrém type porphyrin such as usually 
encountered in acute porphyria; Dobriner, however, isolated uroporphyrin I 
from his case (16a). The findings in animal experiments have been somewhat 
confusing. Stokvis (86a) first noted an increased urinary porphyrin excretion 
in rabbits and dogs, following sulfonal. Fischer and Duesberg (24f) identified 
uroporphyrin spectroscopically, in urine from sulfonal poisoned rabbits. 
Waldenstrém and Wendt, in a later study (99d), found only coproporphyrin III. 
It was of interest in this study that dimethylsulfon-dimethylmethane, which 
differs from sulfonal only in having non-hypnotic methyl rather than hypnotic 
ethyl groups, was just as effective in increasing the urinary coproporphyrin. 
Neubauer (66) had been aware of the similar effect of both compounds many 
years earlier, although designating the porphyrin as hematoporphyrin. Walden- 
strém (99c) has shown that trional can precipitate attacks of typical acute 
porphyria in members of the family of individuals in whom the disease had 
previously been diagnosed. This emphasizes the question, as yet not answered, 
whether sulfonal and trional porphyria represent merely a precipitation of a 
latent, constitutional disease. 

Brugsch (9d, e) noted distinct, although not marked, increases of urinary 
coproporphyrin in patients receiving paraldehyde, chloralhydrate, amylene 
hydrate, and morphine, but not after therapeutic doses of barbiturates. According 
to Laubender and Monden (54) the urinary porphyrin excretion in rabbits is 
not increased by feeding of barbiturates. Duesberg (17b) and Haxthausen 
(38) both reported individual instances of acute porphyria following use of 
barbiturates. In the latter case phenobarbital had been taken, and it appeared 
that there was complete recovery following cessation of the drug. In Duesberg’s 
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case uroporphyrin was tentatively identified. The possibility must be con- 
sidered, as in the case of sulfonal and trional, that the barbiturate was only a 
precipitating factor in a latent, constitutional disorder. Eichler (18) and 
Brugsch (9d,e) believe that latent disturbance in porphyrin metabolism 
characterized only by mild nervous and mental disorders, may be exaggerated 
to the point of outspoken or fatal porphyria by the use of sedatives. 

The effect of sulfonamides and other aromatic amines on the urinary copro- 
porphyrin has been studied in some detail. Significant increases have often 
been observed following sulfanilamide administration to humans (73d; 84), 
especially where toxic reactions were encountered (10a, ¢; 21; 100m). Rimington 
and Hemmings (73c) noted marked increases in the urine and feces of rats 
receiving large amounts of sulfanilamide. This was true, also, with many other 
aromatic amines which they tested. Similar results were obtained by Brownlee 
(8a), who studied sulfanilamide, acetanilide, phenacetin, phenazone, amido- 
pyrine, aspirin, and p-aminophenol. In both of these studies the excessive 
coproporphyrin was shown to be the type III isomer. It was postulated that 
this was derived from methemoglobin, the latter being formed by the oxidative 
action of the chemical (see Brownlee’s paper (8a) for further discussion). This 
possibility will be considered later. 

Penew and Tropp (68) reported increased urinary coproporphyrin excretion 
in humans following ether or nitrous oxide anesthesia, and in some instances 
after novocain (local) anesthesia. The increase in all of these cases was thought 
to be related to transitory liver injury, classified by them as a “serous inflam- 
mation.”’ ‘Tropp and Penew (93b) noted a large amount of coproporphyrin in 
the urine of an individual poisoned with illuminating gas. The isomer type 
was not mentioned in either of these papers. 

The effect of carbon tetrachloride upon the urinary coproporphyrin has 
not been discussed in the literature. In a case of acute poisoning observed 
recently, a marked increase of the type III isomer in the urine was determined. 
This patient, however, was a moderate alcoholic so that the finding is somewhat 
more difficult to interpret. Thus it was found that the patient excreted 373 y 
in 24 hours shortly after admission; 65 per cent of this was the type III isomer, 
as determined by the differential precipitation technique. Gillam and Kench 
(29) studied a case of severe methyl chloride poisoning characterized clinically 
by delirium, convulsions, and tremor. Marked increases of coproporphyrin III 
were isolated both from the urine and feces. <A rapid decline in the amount oc- 
curred as the patient recovered. There was no anemia at any time. 

The effect of alcohol on the urinary coproporphyrin has already been discussed 
in the section relating to liver disease, particularly the cirrhosis of chronic 
alcoholics. 

Skin diseases and photosensitivity. The fundamental aspects of photosensiti- 
zation by the porphyrins have been discussed in detail elsewhere (5a, b; 37b, ¢; 
87a, b; 97c), and will not be considered here. In the main, outspoken photo- 
sensitivity has been a feature of congenital porphyria (uroporphyrin excretion) 
and has been noted but rarely in cases where coproporphyrin alone was observed 
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(vide infra). This is in accord with the observation of Fischer (24c) that in 
warm blooded animals, the degree of photosensitizing ability of the naturally 
occurring porphyrins is correlated with the number of carboxyl] groups. Thus, 
uroporphyrin with eight is the most effective, coproporphyrin with four less 
so, and proto- and deuteroporphyrins with two each, not at all. On the other 
hand, the artificial hematoporphyrin, which also has but two carboxyl groups, 
is rather strongly light sensitizing both for man (240; 61; 88) and animals (4b; 
26; 28; 37b,¢,b). Dobriner and Rhoads (161) give the order of photosensitizing 
effect, as judged by the severity of “light shock” (24c) produced in white mice, as 
follows: “hematoporphyrin 9 (type III), uroporphyrin I, deuteroporphyrin 9 
(type III), coproporphyrin I, and protoporphyrin 9 (type III). Coproporphyrin 
type III seems to be but slightly toxic and uroporphyrin ‘type III’ non toxic.” 
Bingel (4b) also reported that coproporphyrin III is less sensitizing than I. 
Gildemeister (28) found that the uroporphyrins combine with the serum albumin 
fraction, but that coproporphyrins I and III do not. This is of obvious interest 
when it is remembered that blood serum has been reported to be protective 
against photosensitization (71; 82). Shibuya (82) found, however, that serum 
was also protective against the photosensitizing effect of coproporphyrin. 
Fischer and Zerweck (24m) had previously reported a protective action on the 
part of the brown pigment (urochrome) of normal and pathological urines, a 
compound which they believe was derived from protein. Mertens (60b) 
correlated the chemical findings in the urine with the presence or absence of 
photosensitivity, in the cases of porphyria reported up to the time of her paper 
(1937). All of these but two, i.e., the cases of van den Bergh (96d), and of 
Fischer and co-workers (241), excreted uroporphyrin. The two exceptions, 
interestingly enough, both excreted coproporphyrin III, a finding in some con- 
flict with the experimental results already referred to. As mentioned previously, 
the case of chronic porphyria recently reported by Taylor and co-workers (91) 
exhibited marked photosensitivity, yet the urine was said not to contain uro- 
porphyrin. Both coproporphyrin isomers were identified. The case of Grote- 
pass and Defalque (33c) appears to have been of the same type. The relation of 
coproporphyrin to the photosensitivity in these and other disease states is not at 
all clear. The case of idiopathic coproporphyrinuria cited earlier, in which 
unusually large amounts of the type III isomer were excreted, yet without 
manifestations of any kind, attests to the difficulty of the problem. Photo- 
sensitivity in certain skin diseases has been linked by certain investigators with a 
secondary coproporphyrinuria. Thus it has been suggested repeatedly that the 
dermatitis of pellagra is related to photosensitization by coproporphyrin (2; 3; 
20; 59; 85). The methods used in these studies were not specific for porphyrin, 
and in fact it is clear that the color measured by the technique of Ellinger and 
Dojmi (20) is mainly due to formation of urorosein from indolacetic acid, rather 
than to porphyrin (100i, j, 1). In alcoholic pellagra considerably increased 
amounts of coproporphyrin have been encountered in the urine (16k; 74; 100i). 
This has been identified as coproporphyrin III and has been noted to decline 
after nicotinic acid therapy and abstinence from alcohol (16k; 100i). As ob- 
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served earlier, however, this decline is quite usual in the ordinary alcoholic who 
stops drinking and resumes eating. Significant increases of coproporphyrih 
have not been found in endemic pellagra, either in urine (45a; 100i, 1) or feces 
1001). Rafsky (70) reported an increased porphyrinuria in aged subjects and 
ascribed it to dietary deficiency, but again the method employed was that of 
Ellinger and Dojmi (vide supra). The question of increased coproporphyrinuria 
in other diseases in which involvement of the skin is prominent has been reviewed 
by Dobriner (16i) who found conflicting reports concerning such conditions as 
erythema multiforme, lupus erythematosus, and xeroderma pigmentosum. 
Considerable variability was also evident in the rather extensive study of 
Brunsting and co-workers (10c). It may be noted with respect to this study that 
of nine cases of so called “eczema or urticaria solare”’, only two exhibited in- 
creases of porphyrin excretion and these were but slight. Goeckermann, 
Osterberg and Sheard (30) had previously noted a considerable increase in one 
such instance. Thus it appears that, as in hydroa aestivale seu vacciniforme, 
the porphyrins are implicated in some but not all cases of solar eczema or 
urticaria. 

Origin and significance. It may be well in concluding this review to attempt to 
correlate what has gone before in terms of the more fundamental aspects of the 
coproporphyrins, i.e., their site of formation and functions. The evidence, 
however, is too scanty to permit conclusions and it is only possible to summarize 
the existing knowledge and theories. 

It is clear that the coproporphyrins are easily synthesized from “niedrige 
Bausteine” by unicellular organisms, viz., yeast cells (24g, k, n), and various 
types of bacteria (11; 13; 42; 57). In this connection, it is of interest that yeast 
cells undergoing autolysis manufacture coproporphyrin I without reducing their 
formation of protoporphyrin 9 (type III) (24g). Bacteria, on the other hand, 
synthesize coproporphyrin IIT (42; 53a, b), at least insofar as is known at present. 
The significance of this difference has not been determined. Whether the syn- 
thesis of coproporphyrin is as easily achieved by animal cells is unknown. Re- 
cent studies have shown that protoporphyrin, at least, is readily formed from 
such simple precursors as acetates and glycine (4c; 8la). The transition to 
coproporphyrin is theoretically rather easy, requiring merely the addition of 
formic acid to the vinyl groups of protoporphyrin (241). van den Bergh and his 
co-workers (96c) believed they were able to prove the occurrence of this transition 
in liver perfusion experiments, but their results could not be confirmed by Watson 
and co-workers (77; 100n). 

Borst and Kénigsdérffer (7) observed coproporphyrin in the megaloblasts of 
embryonic bone marrow and of the bone marrow in the case Petry in whom per- 
nicious anemia was said to have been important in the cause of death. The 
subsequent finding of an increased excretion of coproporphyrin I in pernicious 
anemia (16h, g, 1; 98c; 100f), hemolytic anemias (16a, d, m; 100b), and re- 
generative post hemorrhagic anemias (16h), all of which are characterized by 
increased, albeit differing varieties of erythropoiesis in the bone marrow, led to 
postulation that formation of coproporphyrin I is proportional to the rate of 
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erythropoiesis (16d, h, m; 100f). Rimington (73e) and Dobriner and Rhoads 
(16g) advanced the theory that coproporphyrin I is formed as a by-product of 
hemoglobin synthesis, Rimington (73e) suggesting a normal ratio of 10,000 of type 
III (protoporphyrin) to 1 of type I (coproporphyrin). The constant proportion 
in rate of formation of these two porphyrins noted by Dobriner and Rhoads led 
them to suggest, quite similarly, that “the two substances are not synthesized 
independently but are products of the same chemical process”. As shown in 
figure 5, they postulated that two dipyrrylmethenes, A and B, are the precursors 
of both types I and III porphyrins. The main synthesis proceeding to the 
protoporphyrin 9 of the hemoglobin molecule would thus depend upon_coupling 
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Fig. 5. Scheme of formation of hemoglobin and the coproporphyrins as according to 


Dobriner and Rhoads, J. Clin. Investigation 17: 95, 1935. Reproduced by permission of the 
publishers. 
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of two molecules A and B while the formation of coproporphyrin I would depend 
upon coupling of two molecules of A. It is further seen that two molecules of B 
would form a typeII porphyrin. As already noted, however, there is no evideace 
for the occurrence of the latter type in nature. The scheme shown in figure 5 
does not attempt to answer the question as to whether coproporphyrin I is 
formed by direct synthesis or by addition of formic acid to the vinyl groups of an 
isomeric (type I) protoporphyrin. According to Rimington’s theory (73e) iron 
is “blocked” by certain substances, such as lead, from combination with proto- 
porphyrin, and the latter, which is thus not used in hemoglobin synthesis, is 
converted to coproporphyrin III. It should be noted that this is regarded as a 
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disturbance in “Aufbau”’ rather than “‘Abbau’’. The Jatter, however, would be 
represented by the transition: hemoglobin — methemoglobin — coproporphyrin 
ITI, which Rimington and Hemmings (73c) and Brownlee (8b) believe to be the 
mode of elaboration induced by the sulfonamides and similar chemicals. 
Rimington’s theory assumes that porphyrin formation is under an enzymic con- 
trol, the nature of which is such that under normal circumstances, the above 
mentioned ratio of 10,000 to 1 prevails. According to this, in quite the same 
manner as postulated by Rhoads and Dobriner, an increased excretion of copro- 
porphyrin I would be expected in conditions associated with increased erythro- 
poiesis. Further studies of fecal and urinary coproporphyrin excretion are 
needed in a variety of anemias having both increased and decreased erythro- 
poiesis. Preliminary studies (80g) have demonstrated that, in animals having 
diminished erythropoiesis due to radiation, there are significant decreases in 
coproporphyrin excretion as might be expected on the basis of these theories. 
This, however, has not been shown for human aplastic or hyporegenerative 
anemias. 

Rimington’s enzymic theory ascribes the marked increases of type I isomer in 
congenital porphyria to an inborn disturbance in enzymic control of the direction 
of synthesis. The over-production of type III in other cases of porphyria is 
viewed by Rimington as an abnormality in enzymic control of heme synthesis 
similar to that already referred to for lead poisoning, i.e., a “blocking” of the 
entrance of iron into variable fractions of the protoporphyrin molecule, which is 
then converted to coproporphyrin III. Actual evidence for this, however, is 
lacking, and it should be noted that Kench and co-workers (48) doubt the ‘“‘block- 
ing’ theory because they failed to find any quantitative relationship in lead 
poisoning, between hemoglobin metabolism and coproporphyrin III excretion. 

The fundamental position of uroporphyrin and its relation to coproporphyrin 
has not been determined. H. Fischer (24b) raised the question as to whether the 
latter was converted to the former by the kidneys, since at that time uropor- 
phyrin had only been observed in the urine. Since it has been established that 
it is a normal constituent of mammalian embryonic and early postnatal bone and 
that it is still present in the ossicles of the inner ear in later postnatal life (51a), 
further, that in porphyria it is commonly encountered in the feces (80a; 100q) 
and in the viscera, especially the liver (7; 24q; 100q), the important question for 
future studies to answer is whether coproporphyrin formation proceeds over 
uroporphyrin by simple decarboxylation. While uroporphyrin probably has 
some function in pre- and early postnatal life, the possibility exists that under 
normal circumstances in later postnatal life, it is formed and rapidly decar- 
boxylated to coproporphyrin. Porphyria, on this basis, would consist of a 
marked over production of uroporphyrin with varying degrees of failure of de- 
carboxylation to coproporphyrin, in different cases. 

The possibility also exists, however, that the essential constitutional error in 
porphyria is a further carboxylation of copro- to uroporphyrin. This would 
have to include, of course, an excessive production of coproporphyrin and a 
variable efficiency of carboxylation in order to explain cases of the type repre- 
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sented in figure 4. From a strictly chemical standpoint, the primary synthesis 
of uroporphyrin with secondary decarboxylation would appear to be the more 
likely of the two possibilities. This needs further study as a possible normal 
mechanism of coproporphyrin formation. 

The possibility of formation of a fraction of the urinary coproporphyrin in the 
intestinal tract either from hemoglobin, or as a product of bacterial metabolism, 
at least under certain circumstances, cannot be wholly excluded. Yet it can be 
said that the contribution from either of these sources is at least quite small and 
that the urinary coproporphyrin is mainly endogenous. It is probable that 
coproporphyrin III is formed in small amount both from blood in the intestine 
and by certain of the intestinal flora, but the most recent objective studies (53a, b) 
have failed to reveal any appreciable absorption and urinary excretion. It may 
be noted, however, that the discrepancy between these results and those reported 
by Kaunitz (46), is unexplained. Mallinckrodt-Haupt (57) stated that the 
increased coproporphyrin (I) of the urine in pernicious anemia is derived entirely 
from an abnormal bacterial flora in the colon, the abnormality, in his opinion, 
depending upon the achlorhydria. He implied, in fact, that all of the urinary 
coproporphyrin, whether normally or in disease, was derived in this way. As 
already observed, the available evidence indicates that whatever coproporphyrin 
is formed by the bacterial flora is type III rather than type I, and further that it 
is very questionable whether this is absorbed. There are in addition, a number of 
other objections to this view, as follows: 

1. The meconium, which does not have a bacterial flora is relatively rich in 
coproporphyrin I (79b; 99f), a finding which we have confirmed.’ Garrod (27c) 
and Giinther (34a) had previously observed “‘thematoporphyrin” in the me- 
conium, and Schumm (79b) first identified it as coproporphyrin. 

2. The excretion of coproporphyrin I in the feces and urine of pernicious 
anemia patients decreases significantly after liver induced remission (16e; 100d) 
although the achlorhydria and hence the effect on the bacterial flora of the colon 
which Mallinckrodt-Haupt emphasizes, is permanent. 

3. The amounts of coproporphyrin I in the feces of hemolytic jaundice patients 
usually exceed considerably those of pernicious anemia in relapse (100d, e, f), 
yet the gastric hydrochloric acid and the bacterial flora of the colon in this disease 
are, usually at least, quite normal. 

4. If the bacterial flora of the intestine were mainly responsible for the urinary 
coproporphyrin, one would have to assume a differing flora in such conditions as 
aplastic or refractory anemia on the one hand from that in infectious hepatitis 
on the other, or in infectious hepatitis from that in poliomyelitis, in accordance 
with the recent findings as referred to in the foregoing. While such a difference 
is barely possible, it would appear to be quite unlikely. 

With the possible exception of a derivation of coproporphyrin III from meth- 
emoglobin, as discussed previously, there is little evidence for, and a great deal 
against the catabolic theory of coproporphyrin formation. It appears that 


* Unpublished. 
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Schreus (78b) was the last to champion this belief, although without offering any 
definite support for it. The earlier investigators, viz., Stokvis, Garrod, Saillet, 
Giinther and others had rather naturally assumed such an origin since, as pre- 
viously pointed out, they had all confused copro- with hematoporphyrin, and the 
derivation of the latter from hemoglobin, in vitro, was one of the few things 
about the porphyrins that was clearly appreciated in that period. Schreus 
(78b, c, g), and Carrié (11), although well aware of the nature of the copro- 
porphyrins, believed that they were derived from hemoglobin destruction prin- 
cipally because of the speed of increase in the urine after onset of the disease 
process, and because of their data indicating a proportionality between rate of 
blood destruction and amount of coproporphyrin excreted. Insofar as the type 
I isomer is concerned, it is clear that this could be related just as well to the 
rate of erythropoiesis, as emphasized by the theories of Rimington and Dobriner 
(vide supra). Furthermore, the data of others (48; 100e) have not revealed corre- 
lation between the rate of hemoglobin catabolism and the excretion of copro- 
porphyrin III either in urine or feces. 

Kliiver’s discovery (5la, b) of the regular occurrence of small amounts of 
coproporphyrin in the central nervous system of warm blooded animals, and the 
tentative identification as the type III isomer together with the increased ex- 
cretion of this isomer in poliomyelitis, lead one to question whether the urinary 
porphyrin may be derived at least in part from that of the nervous system. The 
different orders of magnitude of the concentrations in the brain and the urine 
speak against this possibility, but perhaps do not exclude it. Nothing is known 
of the rate of formation of coproporphyrin, and if Granick and Gilder’s hypothe- 
sis (31) is correct, that coproporphyrin may serve as a regulator of oxygen con- 
sumption by living cells, it would be conceivable that nervous tissue might pro- 
duce and liberate it much more rapidly under certain circumstances. As yet, 
nothing is known as to possible alterations of central nervous system copro- 
porphyrin concentration in disease. 

Prior to Kliiver’s discovery, Keilin (47) had suggested that cytochrome might 
be the parent substance of coproporphyrin. Kliiver (51b) pointed out, however, 
that the areas relative’y rich in cytochrome were poor in coproporphyrin, or 
devoid of it entirely, and vice versa. 

Reasons have been given in the foregoing for ascribing the increased urinary 
coproporphyrin I in hepatitis and many cases of cirrhosis, to hepato-cellular 
functional impairment. It is impressive, however, that a chronic alcoholic with 
advanced cirrhosis and obvious liver functional impairment, usually does not 
excrete increased type I, but rather a considerable amount of the type III iso- 
mer. One may contrast two cases of cirrhosis exhibiting about equally severe 
disturbance of hepatic function in other respects, one, a chronic alcoholic ex- 
creting 150 y of type III and but 50 of type I, the other, a non-alcoholic whose 
cirrhosis followed an infectious hepatitis, excreting 175 y of type I and 15 y of 
type III. This suggests that various disease agents drive or direct the copro- 
porphyrin formation one way or the other, and that there may be a closer rela- 
tionship between the formation of the two isomers than hitherto considered. 
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Further studies should seek to determine whether there is a balanced production 
of the coproporphyrins normally favoring type I, and whether disturbances in 
this ratio are subject in part to constitutional factors. The latter appear requi- 
site to explain the striking differences thus far encountered in such well defined 
entities as Hodgkin’s disease and hemochromatosis. At the same time it is 
recognized that other and as yet unknown factors may be responsible, 

Thus the exact site and mode of formation of the coproporphyvins and their 
physiological réle, remain in doubt. It would appear that microfluorospec- 
trometry and the use of synthetic porphyrins containing Cy, , are of most prom- 
ise for the immediate future investigation of these questions. 
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